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13.  EXIT-NOZZLE  DESIGN 
by 

M.  L.  Streiff 

13.1  RELATION  OF  EXIT  NOZZLE  TO  COMPLETE  RAMJET 

Effect  of.  Exit  Constriction  on  Powerplant  Performance 

Since  the  main  purpose  of  early  ramjet  models  was  to  ob- 
tain a maximum  amount  of  thrust  without  very  much  concern  over 
efficiency,  a straight  t.a^lpipe  with  no  combustion-chamber  exit 
nozzle  was  often  used.  As  techniques  developed,  the  efficiency 
with  which  thrust  is  produced  became  of  paramount  concern. 
Variations  of  the  combustion-chamber  exit-nozzle  geometry  make 
the  efficient  production  of  thrust  possible  by  means  of  changes 
to  the  powerplant  geometry  or  the  character  of  the  internal  flow 
(see  Chapter  2)  . 

For  example,  consider  a ram,jet  that  is  designed  to  fly  at 

Mach  number  1.50  and  which,  for  simplicity,  is  assumed  to  have  a 

normal  shock  inlet  and  sonic  exit.  In  terms  of  the  maximum  area, 

the  exit  and  inlet  areas  are  to  be  variabp.e  so  that  shock  on  rim 

conditions  may  always  be  maintained  at  the  diffuser  inlet.  By 

using  Eqs.  (13,1-1),  (13.1-2),  and  (13.1-3),  solutions  of  the 

available  thrust  coefficient,  C.^  , the  inlet  area' ratio,  A /A 

t . o max 

and  the  fuel  specific  impulse,  1^ , were  obtained  in  terms  of 

the  constriction  ratio  A /A.  , and  the  combustor  heat  release, 

c b ’ ’ 
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(13.1-1) 
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/»%...  /T%  \ 


(13.1-2) 


ne.t. 


^max 


C*  q A 

-t— a max. 


‘f 


Wf  /tj  w^/(a/f)(i,) 


c,  f(q/P)„  y<Tt/T)„\  a/f  JT^ 


(13. 1-3) 


The  assumptions  and  results  shown  in  Fig.  13.1-1  indicate 
that  a given  thrust  coefficient  can  be  obtained  with  a variety 
of  constriction  ratio  and  combustor  heat  release  combinations. 

The  important  point  is  that  some  combinations  give  a higher  1^ , 
that  is,  the  same  thrust  is  obtained  with  less  fuel  consumption. 
With  the  assumed  conditions  and  a straight  tailpipe  (A  /A^  - 1.0) 
no  optimum  design  is  possible  for  a given  C.j.  requirement.  In 
Fig.  13. 1-1  the  points  of  maximum  1^  are  connected  and  the  re- 
sulting curve  is  labeled  ’’maximum  efficiency".  The  increase  of 

the  maximum  I,  over  that  for  a straight  tailpipe  varies  with  C . . 

X X 
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For  high  air  specific  impulse  and  high  thrust  coefficient,  the 
increase  in  is  small,  while  for  lean  burning  conditions  at  a 
lower  the  increase  is  almost  100  per  cent.  While  the  values 
obtained  apply  only  to  the  particular  conditions  chosen,  a maxi- 
mum efficiency  similarly  exists  for  other  conditions. 

Maximum  I^,  although  Important,  does  not  measure  the 
over-all  performance.  In  the  example,  where  there  is 

little  change  in  with  constriction  ratio,  although  the  inlet 
area  is  smaller  as  the  constriction  ratio  is  decreased.  The 
smaller  inlet  would  allow  more  volume  for  packaging  or  storage 
of  fuel  and  subsequent  increase  in  missile  range.  Furthermore, 
the  variations  of  inlet  and  exit  geometry  give  rise  to  drag 
changes  which  can  completely  alter  the  design.  The  drag  on  the 
outside  of  the  inlet  would  change  very  little  with  A /A  for 

O DIaX 

an  external  cone  at  the  inlet  having,  for  example,  a 10-degree 
total  angle.  The  change  in  drag  resulting  from  reduction  in 
exit  diameter  may  be  very  important. 

In  the  discussion  thus  far  the  flow  in  the  exit  nozzle 
has  been  assumed  to  be  isentropic.  Reul  flows  are  known  to 
deviate  from  "ideal"  one-dimensional  isentropic  conditions 
either  by  loss  of  total  pressure  or  by  variation  of  the  stream 
properties  in  a plane  normal  to  the  mean  flow  direction.  The 
effect  of  these  deviations  on  the  equations  for  thrust  coef- 
ficient and  fuel  specific  impulse  will  now  be  considered. 
Although  total  pressure  loss  and  stream  property  variations  are 
interrelated,  their  effects  on  and  1^  will  be  discussed 
separately . 

Equation  (13. 1-1)  , which  is  derived  from  momentum  and 

continuity  relations,  shows  that,  if  there  were  a loss  of 

total  pressure,  the  thrust-coefficient  would  be  reduced  since 

the  only  term  in  Eq.  (13.1-1)  which  is  not  affected  by  a loss 

(expressible  in  terms  of  /P^  ) is  the  subtractive  term, 

c o 

(P/P^)^  It  can  be  shown  that  the  percentage  loss  in  would 
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exceed  the  percentage  loss  of  total  pressure.  The  airflow 

(expressed  as  A /A  ) in  Eqs.  (13.1-2)  and  (13.1-3)  would  be 
o mstx 

reduced  by  a percentage  equal  to  the  percentage  loss  of  total 
pressure.  Consequently  would  be  reduced. 

In  the  previous  example,  a discharge  coefficient  (C^)  of 
0.97,  caused  entirely  by  loss  of  total  pressure,  would  have  re- 
duced by  about  six  to  twenty  per  cent , depending  on  , and 
would  reduce  by  about  three  to  seventeen  per  cent.  The  large 
percentage  changes  occur  at  the  low  values  of  , emphasizing 
the  importance  of  reducing  nozzle  losses  in  low- impulse,  high- 
efficiency  powerplants. 

A ~ ^ -'.1  r%  ^ ^ ^ ^ ^ « r»  ^ jA  ^ W* 

CAit  X VJ  ^llldlO  A WAAA  ^ A ^ ^ A tA  A ^ •»»*«  .a.  J ^ ^ ^ aa 

a majority  of  ramjet  calculations,  there  are  profiles  of  pres- 
sure, velocity,  and  total  temperature  at  any  station  plane. 

The  velocity  and  pressure  profiles  are  most  pronounced  at 
changes  in  cross-sectional  area,  such  as  the  exit  nozzle.  The 
total  temperature  profiles  are  a function  of  the  combustor 
geometry  and  mixing.  Profiles  of  velocity  and  pressure  do  not 
necessarily  arise  from  wall  friction  or  other  to^^^al  pressure 
losses.  These  profiles  can  occur  in  an  isentropic  flow  near 
a sonic  throat  or  in  a supersonic  region.  The  effect  of  these 
profiles  on  discharge  or  thrust  is  therefore  completely  inde- 
pendent of  any  total  pfessure  losses  that  may  be  present. 

The  most  accurate  estijnate  of  nozzle  performance  may 
best  be  made  by  assuming  that  unidlmentional  equations  may  be 
validly  applied  to  a small  portion  of  the  stream  and  by  inte- 
grating the  desired  stream  ptoperties  for;  a known  or  an  as- 
sumed profile.  For  example,  a,^sume  the  Mfach  number  across  an 
axially-symmetric  exit  constriction  varies  parabolical ly  from 
a Mach  number  of  0.8  at  the  centerline  to  1.2  at  the  wall 
(these  values  might  be  typical  for  a relatively  short  nozzle 
inlet  resulting  from  small  radii  of  wall  curvature) . Assuming 
also  that  total  pressure  and  temperature  are  uniform  across 
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I 

l 

I 

I the  section,  discharge  becomes  a function  of  the  integrated 

1 ® 

I value  of  Pm/P^ ; stream  thrust  with  this  reduced  discharge  be- 

' comes  a function  of  the  integration  of  f/P^  and  the  exit  stream 

thrust  per  unit  flow  is  a function  of  the  integration.  Inte- 
grated values  for  the  assumed  examples  are: 

(Pm/P^)avg  - 0.9885  (Pm/P^) 

i 

1 (f/P^)avg  - 0.9932  (f/P^) 

(<^)  avg  - 1.0047  ((/«) 

2 

Thus,  by  (ia.l-2^.  the  airflow  would  be  0.9886  as 

, great  as  with  a uniform  Mach  number  equal  to  one.  The  effect 

on  C.  is  not  obvious  [Eq.  (13.1-1)]  since  (f/P.)  and  (Pm/P.) 

i X X C X C 

I both  decrease.  The  exit  Mach  number  variation  was  applied  to 

■ the  previous  ramjet  example  with  the  result  that  C.^.  was  found 

to  decrease  by  an  amount  approximately  equal  tc  the  decrease 

! in  airflow.  Consequently  1^  did  not  change  for  this  example 

even  for  the  low  values  of  C.^.  However,  this  variation  of 

and  is  not  necessarily  typical,  since  the  variation  depends 

on  the  relative  values  in  the  equation.  One  would  expect 

the  variations  C.  and  I_  to  be  greater  with  a supersonic  exit 
I X 1 

' than  with  the  sonic  exit. 

Since  no  general  statement  can  be  made  regarding  the 

«> 

. effects  of  exit-flow  profiles,  the  best  means  of  determining 
j ■ their  effects  is  by  integration  of  the  particular  case  using 

j test  data  or  the  lusXiioci  Gx  racteristics  for  determination 

1 of  the  profiles.  It  is  probable,  however,  that  the  effect  of 

exit-flow  profiles  on  or  I^  will  be  small  except  possibly 
for  very  high  Impulse  missiles. 


H - 1 

i 

I 

U - 1 

H - 1. 
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Boattail  Drag  Effects  with  Exit  Constriction 
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The  reduction  of  the  outside  diameter  toward  the  exit  of 
a ramlet  is  commonly  referred  to  as  a boattail  which  has  pres- 
sures below  ambient  over  its  surface  and  thus  contributes  a 
drag.  Since  the  boattail  and  the  exit  nozzle  have  the  exit  area 
in  common,  the  configuration  at  the  exit  must  consider  both 
these  components  in  order  to  obtain  a true  optimum. 

To  illustrate  the  importance  of  the  effect  of  boattail 

drag,  the  original  example  was  extended  by  defining  a net  thrust 

coefficient,  net,  which  includes  not  only  the  powerplant 

thrust  coefficient,  C.  , but  the  drag  increment,  aC.  , resuiliiig 

^ ^bt 

from  the  boattail.  It  was  assumed  that  the  pressure  coefficient 
of  the  boattailed  area  was  -0.20  of  the  free-stream  dynamic  pres- 
sure. The  boattail  was  assumed  to  extend  from  the  maximum  diame- 
ter to  the  diameter  of  the  sonic  exit. 

The  following  equations  were  used  to  obtain  the  "net" 
thrust  coefficient  and  fuel  specific  impulse.  Equation  (13.1-5) 
gives  reasonably  good  agreement  with  the  boattail  pressure  coef- 
ficients of  Ref.  [l]. 


( 


^^t(net)"  ^t  " ^ 

AC  - - V - = ^ 

^bt  '^o  ^max  ^o  V ^max 


) 


(13. 1-4) 


(13. 1-5) 


T _ T t (net) 

^f(net)  f 


(13. 1-6) 


The  results  are  shown  in  Fig.  13. 1-2  for  the  same  assump- 
tions as  in  Fig.  13. 1-1  except  for  the  inclusion  of  the  boattail 
drag  effects.  Although  the  values  at  A^/A^  =1.0  are  identical 
for  these  two  figures,  the  available  thrust  at  all  other  values 


f 


- 7 - 


CONFIDENTIAL 

THIS  OOCOMfNr  CONTAINS  INTOfflMTION  AffCCTlNO  7H€  NATIONAL  OCFCNSC  Of  ThC  UNTTIO  STATES  WITHIN  THE 
UUMN6  or  THE  ES^KMAOC  LAWS.  TlUE  I*.  USC  SCCTTONS  79S  AND  7|4.  THE  TEAf^lHI^SION  ON 
THC  REVELATION  Of  ITS  CONTENTS  IH  ANY  WANNER  TO  AN  UNAL'THOAIECO  A«RS0N  »S  WC**'  -V  LAW 


I 

L 


0 0 


CONFIDENTIAL 


=♦1/  o*if 


t-  < 

b 


B -<1  B 
•H  |«S 


V OJ  o 
s 31  O* 


V -M 

h (« 

0)  O 

» 43 


(1)  0> 
43 


(43U)|q 


- 8 - 


CONFIDENTIAL 


TH$  OOCUUCWT  COWTMMS  WTOINM'nON  AfftCTINO  TMC  KATICMAt.  OCFCNSC  OT  THC  UMTEO  STATrs  WfTHm  TMC 
tT<HWH  Of  TMC  IlflOMAOC  LAWS.  TITLE  lO.  U S C.  SCCTl^lS  7SS  AND  7S«.  1HC  TAANSMtSSION  OH 
TMC  MVCLATIOM  Of  ITS  CONTENTS  M MIT  MANNCN  TC  AN  UNAUTNONtZEO  KNSON  1$  f«tOHI»TEO  IT  LAN 


c 


CONFIDENTIAL 

of  A^/A^  is  reduced.  The  most  important  difference  is  the 
change  of  the  entire  pattern  of  the  or  efficiency  lines. 

While  there  is  still  an  optimum  constriction  ratio  for  maximum 
I-,  the  difference  in  for  a change  in  A /A.  is  considerably 
less  than  in  Fig.  13.1-1.  The  boattail  drag  has  completely 
nullified  the  high  values  of  in  the  low  range  of  Fig.  13.1-1. 

It  is  not  uncommon  for  powerplant  designers  to  consider 
onij'  the  momentum  change  of  the  internal  flow  and  the  atmos- 
pheric force  on  the  difference  in  exit  and  inlet  area  for  defi- 
nition of  thrust  coefficient  available  from  the  powerplant.  The 
above  example  clearly  demonstrates  the  futility  ul  trying  to  ac- 
complish an  optimum  without  consideration  of  the  effects  on 
other  components  external  to  tha  powerplant. 


The  Effect  an  Exit  Divergence  oji  Powerplant  Performance 

The  De  Laval-type  exit  nozzle  consists  of  a constriction 
followed  by  a divergent  section.  For  the  range  of  pressures 
commonly  encountered  ia  ramjets  there  is  sufficient  pressure 
ratio  across  the  exit  nozzle  to  maintain  supersonic  flow  in  the 
divergent  section. 

Since  the  static  pressure  at  the  throat  is  usually  con- 
siderably above  ambient , an  expansion  to  ambient  pressure  in 
the  diverging  section  results  in  a positive  differential  pres- 
sur<|  with  respect  to  free-stream  pressure  and  thrust.  The  dif- 
ferential pressure  with  respect  to  the  pressure  which  would  have 
existed  on  a boattail  is  even  greater. 

/ 

One  means  of  expressing  the  thrust  increase  is  by  means 
of  <fM,  the  ratio  of  the  stream  thrust  at  any  Mach  number,  M,  to 
the  stream  thrust  at  H = T.O.  The  value  of  0M  is,  of  course, 
unity  at  M - 1.0  and  rises  as  M increases  (or  decreases).  The 
increase  in  the  thrust  coefficient  over  that  of  a sonic  exit 
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can  be  expressed  by  the  following  equation 


( ) I 


- 


- Fj-  (A^  - A^) 


*^o  ^max 


(13. 1-7) 


Using  the  air  specific  impulse,  S , and  the  stream  thrust 

A 

ratio,  Cj  , which  represents  the  ratio  of  ac+ual  to  ideal  stream 
e 

thrust,  Eq.  (13.1-7)  becomes 


^ ®a  i - **o  - ""c^ 

® nrz 


(13.1-8) 


It  is  necessary,  as  shown  in  the  previous  section,  to  in- 
clude boattail  drag  effects.  Including  these  in  Eq.  (13.1-8) 
results  in  the  following  equation 

(C_  - 1.0)  - P„  (A^  - A^)  . _ * 

a a f^  e o e c ^max  ^e 

^o  ^max  % ^max 


A _ - A. 


(13.1-9) 


where  AP/q^  is  negative. 

Equation  (13.1-9)  was  solved  for  the  previous  example 
assuming  an  expansion  to  the  free-stream  pressure.  No  calcu- 
lations were  made  for  A^/Aj^  > 0.9,  since  beyond  this  value  the 
exit  area  would  have  exceeded  the  maximum  area  defined  as  equal 

to  A^.  Calculations  indicate  that,  for  - 1.00,  would 

0 

increase  about  0.02  to  0.03  over  the  entire  range  of  Fig.  13.1-2 
(except  for  > 0.9).  However,  if  a value  of  Cj  - 0.97 

were  assumed,  would  be  decreased  about  0.01  to  0.02. 
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Use  of  Eq.  (13. 1-9)  for  assumed  expansion  to  the  base 
pressure  shows  that,  for  - 1.0,  would  Increase  0.03  to 

0.04  while,  for  C-  - 0.97,  C.  would  decrease  0.01  to  0.02. 

The  bllKht  Improvement  over  expansion  to  results  from  the 
larger  exit,  thus  reducing  the  boattall  drag.  These  small 
changes  in  from  the  values  in  Fig.  13.1-2  (for  a sonic 

nozzle)  would  cause  little  percentage  change  in  or  at 
the  high  values  of  , pei*haps  five  per  ceut.  At  ^he  lower 
values  of  , however,  the  percentage  changes  in  and 
become  ?,ppr«r!lahle.  This  again  demonstrates  the  need  for  high 
nozzle  thrust  efficiency  for  ramjet  powerplants  having  a low  C^. 
It  was  found  in  the  example  that  the  maximum  thrust  was  not  ob- 
tained with  expansion  to  ambient  pressure.  Considering  the 
exit  nozzle  alone  this  would  seem  to  be  ideal  since  thrust  is 
obtained  as  a result  of  the  positive  pressure  existing  on  the 
diverging  wall  relative  to  free-stream  static  pressure.  Where 
a boattall  is  involved,  it  is  the  pressure  relative  to  that  on 
the  boattailed  area  which  is  important.  Further  expansion  of 
the  exit  nozzle,  at  least  to  this  boattail  pressure,  appears 
desirable. 

Since  the  air  and  fuel  flows  are  unaffected  by  the  di- 
vergent section  (with  sonic  throat  velocities) , any  increase 
in  from  this  section  will  result  in  an  increase  in  1^. 

The  optimum  would  be  that  condition  which  gives  the 
highest  increment  considering  the  nozzle  exit-stream  thrust, 
the  nozzle  losses,  and  the  boattail  drag. 

The  variation  of  the  thrust  increment  of  a diverging 
nozzle  compared  to  a sonic  nozzle  varies  with  flight  Mach  num- 
ber. The  general  trend  is  to  provide  a higher  relative  to 
a sonic  nozzle  as  the  flight  Mach  number  increases.  Increase 

of  the  flight  Mach  number  causes  the  pressure  ratio,  P /P  , 

tb  e 

to  Increase,  permitting  a higher  value  for  ^ . In  addition, 
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the  relative  effect  of  static  pressure  forces,  e.g.  f (A^  - A^) 
and  boattall  drag  diminish  as  Hach  niimber  Increases. 

To  demonstrate  the  order  of  magnitude  of  the  Mach  number 
trend,  the  following  equation  was  evolved  for  the  Increase  of 
a supersonic  or  divergent  exit  nozzle  over  the  of  a sonic  ex- 
it nozzle.  It  Is  equivalent  to  Eq.  (13.1-9)  but  of  slightly  dif- 
ferent form  which  may  be  of  value  for  computational  purposes. 


- 


- A 

^ o o e i 


q A 
^o  max 


^me.x  " _ AP,  f 

^max  / *^o  V ^max  ! 


^ ^ ^Cf.  " - **0  ^^e  - *c^ 


f^t 

> — 1 

^o\Pt 


*^o  ^max 


V A, 


A.  - A, 


^ ^ <^f^  “e  - 


■(m( 


Amax  A^o 


Using  - 2.42  (1  + f/a)  which  is  a good  approxi- 

o 

mat Ion, 

A /A  f^t 

ACt  - (q/py  < <P™/Pt^c  2-42  (1  + f/a)(Cf^  - 1.0) 


(13. 1-10) 
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This  equation  was  worked  out  for  2.0,  2.5,  and 

3.0,  again  assuming  a normal  shock  Inlet  and  Internal  losses  to 
the  exit  nozzle  throat  as  In  Pigs.  13.1-1  and  13.1-2.  The  vari- 
ation of  the  assumed  boattall  pressure  coefficient  Is  shown  In 
Pig.  13.1-3.  A^/A  . is  again  assumed  tc  be  variablu  so  as  to 

O mAX 

place  the  shock  cn  the  rim. 

Since  at  these  high  Mach  numbers  expansion  to  ambient  P 

or  base  pressure  very  quickly  leads  to  an  A > A when  A.  - A , 

j j g ssax  b max  ’ 

It  was  assumed  Lhat  A ^ equaled  A.  In  expansion.  For  this  11- 

max  b 

lustration,  the  complication  of  changing  the  basis  for  Is 
avoided. 

The  results  shown  In  Pig.  13. 1-3  Indicate  the  rise  In 

thrust  coefficient  as  Mach  number  Increases  both  for  arbitrarily 

selected  values  of  - 1.00  and  0.97.  Mo  attempt  Is  made  to 

e 

Include  the  variation  of  at  off-deslgn  pressure  ratios  which 

e 

Is  discussed  In  a later  section.  The  values  for  A^/A^  - 0.4  at 

M^  - 1.50  are  slightly  low  because  the  pressures  at  that  point 

Indicate  separation  which  normally  raises  C.  above  unity. 

*e 

Aside  from  the  rise  In  the  thrust  as  Mach  number  Increases, 
a flattening  of  the  curve  at  high  Mach  numbers  Is  quite  appar- 
ent. This  effect  results  from  the  fact  that  ^M  becomes  asymptotic 
to  1.429  for  y - 1.40  or  1.591  for  y - 9/7  as  M approaches  Infin- 


ity. For  the  fixed  values  of  k ^ /h  , the  fraction  of  possible 

max  c I 

0M  decreases  as  M^  Increases,  which  would  also  tend  to  make! a 

curve  for  constant  A /A  flatter  than  one  which  expanded  to'  am- 

© c 


blent  pressure.  The  flatter  curves  for  A^/A^ 


0.8  show  this 


effect  of  reduced  expansion. 

The  effect  of  a thrust  loss  in  the  divergent  section  of 

the  nozzle  represented  by  is  shown  in  Fig.  13.1-3.  The  tend- 

e 

ency  for  this  loss  to  be  constant  at  various  Mach  numbers  for  a 

particular  A /A.  arises  from  the  relationship  between  P.  /P.  and 
^ c h ^c  *o 

q/P  . The  following  equation  for  the  loss  of  C.  caused  by  a 
*o 

reduction  of  indicates  this  trend. 

® IQ 
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nic  Exit 


I 

Normol  Shock  Inlet 
Shock  on  Rim  | 

Exit  Expended  to  Atnox'Ab 

Some  Internal  Press  Loss  os  in  Fig.  13.  U 

Mo  AP/qo*  Boottoil  Drog  Press.  Coeff. 

1.5  0.20  I 


Tto'Ttc  »0.6 


2.5 

0.12 

3.0 

0.08 

rig.  13.1-3  EXAMPLE  OF  THRUST  COEFFICIENT  GAIN  OF  DITORGENT  EXIT  ^ 

OVER  A SONIC  EXIT— EXPANSION  TO  A - I 
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loss 


011^  (1  - C.  ) 
a a e 


A_. „ 

O IQ&X 


A /A 


2.42  (1  + f/a)  (<^ilg)(l  - Cj  ) 


(13. 1-11) 


For  the  selected  nonoal  shock  diffuser,  the  ratio 
(p^  /p^  )/(q/P^)  decreased  slightly  as  Mach  number  increased. 

~c  "o 

This  effect  shows  up  distinctly  by  comparison  of  the  solid  and 
dotted  curves  for  A /A,  - 0.8.  If  a better  diffuser  had  been 
selected  (still  using  the  low-drag  burner)  the  ratio  would  have 
increased  by  about  50  per  cent  from  M^  1.5  to  3.0.  Ihls  would 
cause  the  loss  of  from  nozzle  thrust  loss  to  increase  with 

flight  Mach  number  

The  values  in  Fig.  13.1-3  are  shown  for  ^T^  /T^  *=0.6 

o c 


and  would  not  change  appreciably  for  other  values  of  the  tempera- 
ture ratio.  As  noted  in  the  discussion  of  Fig.  13.1-2  the  per- 
centage change  of  would  vary  with  the  temperature  ratio. 


f O 


J Hie  Effect  fil  Exit  Constriction  on 

I Combustor  Total  Pressure  Recpvery 

t 

1 » 
There  is  a total  pressure  loss  in  the  combustor  which  j 

arises  from  the  burning  as  well  as  the  drag  of  the  combustor  j 
elements  (see  Chapter  2).  The  exit  constriction  also  affects 
this  total  pressure  loss  which  increases  as:  (a)  total-tempera- 

ture ratio  across  the  combustor  increases,  (b)  as  combustor  drag 
increases,  or  (c)  as  exit  constriction  ratio,  increases. 
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For  a given  cosbustcr-drag  coefficient  end  total  temperature 

ratio  the  total  pressure  loss  is  roughly  proportional  to  A /A. 

C D 

as  shown  in  Fig.  13.1-4 

In  addition  to  pressure  recovery  effects,  the  exit  con- 
striction or  nozzle  length  can  also  affect  the  completeness  of 
combustion.  Considering  the  combustion  to  be  a function  of  re- 
action rate  and  time,  the  exit-constriction  ratio  sets  the  time 
required  for  the  gases  to  move  a given  distance  from  the  flame- 
holder  to  the  exit.  Where  the  reaction  rate  is  sufficiently 
high  for  the  combustion  to  be  essentially  complete  before  reach- 
ing the  exit  nozzle,  the  exit  constrictirn  ratio  would,  of 
course,  have  little  or  no  effect  on  combuef Af"f At 
lower  reaction  rates,  where  the  combustion  is  only  partly  com- 
pleted at  the  exit  nozzle  station,  a moderate  change  in  con- 
striction ratio  or  nozzle  length  can  make  significant  changes 
in  the  combustion  efficiency  at  the  exit  plane. 


Svuaffl&ry  ol  ExU  Mpgzl.g  Eff.ec.tg 

The  following  statements  may  be  made  regarding  the  re- 
lation of  the  exit  nozzle  to  the  complete  ramjet  powerplant. 

1.  Variations  of  the  exit  constriction  are  necessary 

for  powerplant  optimization.  y 

2.  Such  optimization  must  consider  the  missile  as  aj 
whole,  particularly  boattail  drag. 

3.  Total  pressure  losses  in  the  exit  nozzle  lower  the 

and  of  a powerplant  (except  for  swallowed  shock) 

4.  Although  C.^  can  be  maintained  by  increasing  the 
throat  area  to  compensate  for  losses,  the 
will  be  lowered. 

5.  Performance  gains  in  and  1^  can  be  realized  by 
using  a divergent  section  downstream  of  the  exit 


nozzle  throat. 
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Fig.  13.1-4  EFFECT  OF  EXIT  CONSTRICTIOK  ON  COMBUSTOR  TOTAL 
PRESSURE  RECOVERY- -SONIC  THROAT 

The  follcwing  conditions  were  - 1.40, 

■y,  = y - 9/7  with  adiabatic  flow, 
b c 
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6.  The  gains,  obtained  with  exit  divergence,  increase 
with  Mach  number,  but  the  rate  of  Increase  of  the 
gain  decreases  as  Mach  number  Increases. 

7.  Thrust  losses  in  the  divergent  section  decrease  the 

and  , an  amount  depending  mainly  on  the  con- 
striction and  expansion  ratios  and  the  relation  of 
powerplant  total  pressure  loss  with  flight  Mach  number. 

8.  Exit  constriction  increases  the  combustor  total  pres- 
sure recovery  for  a given  combustor  drag  coefficient. 

9.  Seemingly  small  losses  in  the  exit  nozzle  can  cause 
large  percentage  changes  in  .1^  and  for  low  values 


c 


i 


4 
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13.2  PERFORMANCE  OF  CONVERGENT  EXIT  NOZZLES 

Since  both  convergent  ano  convergent-divergent  exit  noz- 
zles are  used  with  ramjets  it  is  convenient  to  discuss  these  two 
types  separately.  A discussion  of  the  sonic  convergent  section 
is  applicable  to  the  converging  section  of  a convergent-divergent 
exit  nozzle. 

The  main  effort  here  is  to  describe  the  real  flow  within 
convergent  nozzles  in  order  to  understand  the  nature  and  magni- 
tude of  the  factors  affect Ing  nozzle  discharge  and  stream  thrust. 


One-Dimensional  Relations 
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The  one-dimensional  equations  for  a convergent  channel 
indicate  that  the  velocity  increases  as  the  area  decreases  and 
as  the  pressure  ratio,  /P  , increases  up  to  the  point  where 

sonic  velocity  is  attained  at  the  minimum  area  or  throat 
(M  - 1.0).  Further  Increase  of  the  upstream  total  pressure 
only  raises  the  general  pressure  level  without  affecting  the 
throat  velocity.  The  pressure  ratio  at  which  the  sonic  veloci- 
ty is  obtained  is  commonly  referred  to  as  the  critical  pressure 
ratio  which  can  be  defined  in  terms  of  the  ratio  of  specific 
heats,  y. 

JL. 

' (13.2-1) 

For  almost  all  ramjet  applications  the  exit-nozzle  pres- 
sure ratio  is  sufficient  to  produce  sonic  velocity  at  the  throat. 
For  this  reason,  and  since  the  conditions  at  the  exit  are  of  in- 
terest In  missile-performance  calculations,  it  Is  most  convenient 


t 
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to  express  the  flow  and  thrust  for  convergent  nozzles  in  terms 
of  conditions  at  the  throat  denoted  by  subscript  "c". 


W 


P 


c 


A 


c 


y 

c 


p 

-CL 


Pt  (pS/P,)^ 


(13.2-2) 


F -m„V  + P A -P  A (f/P) 
c cc  cc  cc  c 


“t  '‘c 
c 


a a c c 


(13.2-3) 


The  various  forms  of  these  equations  are  identical  for 
one-dimensional  isentroplc  flow.  Where  pressure  and  velocity 
profiles  exist  (as  in  real  nozzles)  the  equations  are  not  Iden- 
tical, the  differences  being  dependent  on  the  particular  parame- 
ter integrated  over  the  profile.  The  one-dimensional  isentropic 
values  of  the  various  Mach  number  functions  for  the  above  equa- 
tions are  tabulated  below  for  sonic  throat  velocity  (M  - 1.00) 

c 

for  two  values  of  specific  heat  ratio  commonly  used  for  cold 
and  hot  gas  streams. 


TABLE  13.2-1 

Y -=  1.40  (cold) 

Y » 9/7  (hot) 

0 

0”? 

1 . 0CS6 

0.9414 

Pm/P^ 

0.5318 

0.5162 

f/P 

2.400 

2.286 

f/P^ 

1.268 

1.253 

1.000 

1.000 
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In  the  one- dimensional  equations  it  Is  assumed  that  the 
stream  properties  of  pressure,  velocity,  Mach  number,  etc.  , do 
not  vary  in  a plane  normal  to  the  mean  flow  direction.  This  as- 
sumption is  not  entirely  applicable  to  the  flow  in  exit  nozzles. 
The  practical  convenience  of  the  one-dlmenslonal  equations  de- 
mands their  use,  however.  The  description  of  real  flows  is  ac- 
complished by  the  use  of  coefficients  applied  to  the  one-dlmen- 
slonal Isentropic  values  which  will  be  referred  to  as  "ideal. 


I 


Precise  definition  of  the  deviation  of  tne  discharge  and 
thrust  of  real  flows  from  ideal  values  would  require  that  the 
"•^act  nature  of  the  pressure  and  velocity  variations  throughout 
the  nozzle  be  known.  However,  since  these  variations  are  not 
generally  known,  the  most  practical  course  is  to  investigate, 
to  the  extent  allowed  by  present  theory  and  experiment , the 
basic  causes  of  the  deviation  of  real  flows  from  the  ideal. 

The  purpose  of  such  investigations  would  be  to  determine,  inso- 
far as  possible,  the  magnitude  of  the  deviations. 

The  assumption  of  frictionless  flow  is  violated  at  the 
solid  boundary  of  the  nozzle  where  a boundary  layer  exists. 

The  friction  in  this  boundary  layer  causes  a loss  of  both  dis- 
charge and  thrust.  Although  there  will  be  some  frictional  ef- 
fects in  the  core  of  the  flow  outside  the  boundary  layer  region, 
these  effects  should  be  negligible  for  most  ramjet  exit  nozzles 
as  compared  to  the  pressure  and  inertia  forces.  The  negative 
axial  pressure  gradient  along  the  wall  helps  prevent  separation 
of  the  boundary  layer. 

There  may  also  be  variation  of  the  flow  properties  normal 
to  the  mean  flow  direction.  Since  the  flow  near  the  wall  ahead 
of  a convergence  must  be  displaced  radially  inward  in  order  to 
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pass  through  the  constriction,  a force  is  required  to  produce 
the  radial  acceleration.  This  implies  that  at  the  beginning  of 
a constriction,  there  must  be  a pressure  gradient  normal  to  the 
flow  direction  such  that  the  pressure  increases  as  the  distance 
from  the  nozzle  axis  increases.  Since  it  would  be  physically 
impossible  for  the  flow  to  continue  in  a radially  inward  direc- 
tion to  a point,  tnere  must  be  a region  where  parallel  flow  to 
the  axis  is  resumed.  Turning  the  flow  parallel  to  the  axis  re- 
quires a radially  outward  force  or  a static  pressure  gradient 
such  as  to  decrease  the  pressure  at  increasing  distances  from 
the  nozzle  axis.  These  variations  of  stream  properties  normal 
to  the  mean  flow  direction  are  a fundamental  and  necessary  devi- 
ation from  one-dimensional  flow  in  exit  nozzles. 

In  some  cases,  the  minimum  flow  area  may  be  less  than  the 
minimum  geometrical  area  because  of  the  radially  inward  momentum 
of  the  stream  at  the  wall  of  the  minimum  section.  Since  there 
is  no  way  at  present  to  determine  the  true  minimum  flow  area, 
the  only  practical  course  is  to  base  the  flow  on  the  known  geese 
trical  area. 

There  may  be  additional  heat  release  from  combustion  in 
the  exit  nozzle  which,  in  most  cases,  is  not  evaluated  separate- 
ly from  the  burning  in  the  combustion  chamber.  Recognition  of 
the  effects  of  burning  materially  aids  in  the  interpretation  of 
physical  observations. 

Thus  there  are  four  important  deviations  of  a real  flow 
from  the  "ideal"  one-dimensional  flow  assumed  for  convenience. 

1.  Wall  friction, 

2.  Variations  of  flow  variables  across  a section, 

3.  Jet  contraction  beyond  the  minimum 
geometrical  area,  and 

4.  Burning  in  the  nozzle. 
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Pgfinitlpn  3l  CofitfigJLfiPts 

There  are  two  characteristics  of  the  flow  through  an  exit 
nozzle  which  are  of  principal  importance,  the  quantity  of  flow 
under  given  conditions  and  the  exit  stream  thrust  produced  by 
this  flow.  In  the  case  of  a convergent  exit  nozzle,  the  throat 
stream  thrust  is  of  Interest  for  flight  performance  calcula- 
tions. For  a convergent-divergent  nozzle  both  the  throat  and 
exit  stream  thrust  are  of  Interest. 

The  discharge  and  throat  stream  thrust  for  an  Isentroplc 
one-dimensional,  or  "ideal"  flow  in  a convergent  nozzle  are  giv- 
en by  Eqs.  (13.2-2)  and  ^13.2-3),  respectively.  The  exit  stream 
thrust  of  a convergent-divergent  nozzle  is  described  in  a later 
section. 

The  discharge  coefficient  is  defined  by  the  ratio  of  ac- 
tual to  ideal  flow.  Since  the  ideal  flow  is  assumeu  to  be  isen- 
troplc it  makes  no  difference  in  the  calculation  of  the  ideal 
flow  whether  upstream  or  throat  total  pressures  and  temperatures 
are  used.  With  a real  ramjet  exit  nozzle,  however,  the  upstream 
and  throat  values  of  total  pressure  and  temperature  may  be  dif- 
ferent . Total  pressure  losses  and  total  temperature  losses  or 
gains  are  a result  of  the  exit  nozzle  and  should  be  charged  to 
the  nozzle  so  that  upstream  values  should  be  used  tor  definition 
of  the  discharge  coefficient.  f 

Using  the  subscript  "b"  for  conditions  ahe^  of  the  noz- 
zle, "c"  for  the  throat  and  "1"  for  ideal,  the  following  equa- 
tion defines  the  discharge  coefficient. 


W 


(13.2-4) 


where  W xs  the  actual  flow.  Values  of  (Pm/P.)  for  a sonic 

t c ■ 

X 
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velocity  at  the  throat  can  be  obtained  from  Table  13.2-1.  For 


less  than  sonic  velocity  the  value  of  (Pm/P.) 

X Cj 


can  be  calcu- 


lated for  the  throat  Mach  number  as  determined  by  the  nozzle 
pressure  ratio. 

Since  the  ramjet  designer  is  more  apt  to  know  and  be. con- 
cerned with  total  pressures  and  temperatures  than  with  the  stat- 
ic values,  Cq  ^s  expressed  in  terms  of  total  values.  Thus  no 
"velocity  of  approach"  factor  is  used  in  Eq.  (13.2-4). 

There  are  several  expressions  for  the  thrust  or  jet  re- 
action of  a stream  of  fluid.  The  form  of  these  expressions 
varies  with  the  particular  application.  For  rocket  analysis,  a 
thrust  equation  is  commonly  used  in  which  a velocity  coefficient 
is  applied  to  the  mV  term  and  the  pressure  terms  are  assumed  to 
be  equal  to  isentropic  one-dimensional  values.  However,  for  ram- 
jet analysxH  it  is  generally  more  convenient  to  use  the  stream 
thrust  since  the  net  axial  force  on  the  fluid  flowing  between 
two  stations  is  the  difference  in  the  respective  stream  thrusts 
at  the  two  stations.  Since  a part  of  the  throat  stream  thrust 
deviation  is  caused  by  the  reduction  of  flow  already  expressed 
by  , the  throat  stream  thrust  coefficient  need  express  only 
the  remainder  of  the  stream  thrust  deviation.  Using  the  ac- 
tual airflow. 


a a c Cj 


V I 


(13. 2-5) 


(S  ) is  the  actual  S at  the  throat.  The  reason  for 
a c a 

using  the  throat  S is  that  most  ramjet  tests  evaluate  combustoj 
performance  at  the  throat  of  a sonic  exit  nozzle.  As  discussed 
in  a later  section,  this  definition  renders  independent  of 

burning  in  the  subsonic  section  of  the  nozzle.  ^ 
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IhS.  Effects  Qt  Wall 


One  of  the  deviations  of  a real  flow  from  an  Ideal  flow 

• 

Is  friction  In  the  boundary  layer  along  the  nozzle  wall.  For- 
tunately, for  most  ramjet  applications,  these  frictional  effects 
do  not  give  rise  to  large  deviations  of  discharge  or  thrust  from 
"ideal"  values.  However,  for  high  efficiency  ramjet  combustors 
even  seemingly  small  losses  become  important.  An  attempt  Is 
made  In  this  section  therefore  to  evaluate  these  relatively 
small  frictional  effects. 

Most  of  the  work  on  nozzles  has  been  concerned  with  the 
establishment  of  standardized  nozzles  for  flow  measurement  pur- 
poses. Such  nozzles  have  well  rounded  entry  sections  and  a 
parallel  throat  section  so  that  the  main  discrepancy  from  Ideal 
flow  is  the  effect  of  fi-iction  in  the  boundary  layer.  Their 
discharge  coefficient  becomes  very  nearly  constant  at  a pres- 
sure ratio  slightly  above  the  critical  pressure  ratio.  It  Is 
typical  of  well-contoured  nozzles  to  have  a very  slight  in- 
crease In  discharge  coefficient  as  pressure  ratio  Is  Increased 
(constant  discharge  pressure) . It  Is  probable  that  the  slight 
increase  is  caused  by  the  Increased  Reynolds  number  which 
causes  a smaller  boundary  layer  thickness. 

A method  has  been  developed  [2]  for  predicting  the  dis- 
charge coefficient  for  well-rounded  nozzles.  This  method  Is 
based  upo^  the  apparent  laminar  friction  coefficients  In  the 
transition  ^length  of  a straight  tube.  The  discharge  coeffi- 
cient Is  calculated  ff*om  the  friction  factor.  A length  to 
throat  diameter  ratio,  (x/D^) , is  described  below. 


^d  - 


1 ^ «app.  (*/°c> 


(13.2-6) 
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Values  of  4f^^„  (x/O  ) . Ref. [2],  are  given  in  Fig.  13.2-1 
for  various  values  of  (x/D^)/R^  where  R^  is  the  throa  eyno  s 
number  based  on  diameter.  The  value  of  (x/D^)  is  composed  of 
the  length  to  throat  diameter  ratio  of  the  cylindrical  throat 
section,  if  one  exists,  plus  an  effective  A(x/D^)  for  the  bell- 
mouth.  Letting  D be  the  diameter  of  any  section  of  the  bellmouth; 


A(x/D^) 


r/D 

■jl-fi 


(A 

\ c/ 


(13.2-7) 


For  a circular  arc-wall  profile  with  radius  equal  to 
the  A(x/D  ) is  about  0.4.  For  a circular  arc  profile  with  radius 
equal  to  0.5  the  A(x/D^)  is  about  0.25.  For  an  ellipse  with 
semi-axes  aJial  and  0.7  radial  the  A(x/D^)  is  about  0.6. 

Fairly  good  agreement  is  obtained  over  a very  wide  range 
of  Reynolds  numbers  (R^w  1 to  10®)  when  the  predicted  values 
are  compared  with  experimental  discharge  coefficients  of  ASME 
flow  nozzles.  Although  the  presence  of  a laminar  boundary  layer 
may  be  questionable  in  a ramjet  exit  nozzle,  the  turbulent  fric- 
tion should  be  higher.  The  above  values  would  therefore  appear 
to  represent  maximum  values  of  the  discharge  coefficient.  For 
a throat  Reynolds  number  of  10  and  (x/D^)  « 1.0  the  maximum 
value  of  would  be  about  0.99.  I 

The  deviation  of  throat  stream  thrust  from  the  ideal 
value  can  be  estimated  from  the  apparent  friction  factor.  Using 
the  apparent  friction  factor  from  Fig.  13.2-1  to  obtain  the 
throat  stream  thrust  coefficient, 


C^(W  S ) 

d aj^  a Cj^ 

F - APA^ 
c.  c , 
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For  sonic  values  at  the  throat  (y  - 9/7) , - 10  and 

1.0  C.  from  Eq.  (13.2-6)  - 0.99  , 


.01  (i  - 


1.01  (1  - 0.006) 


1.004. 


Since  the  flow  is  reduced  !3y  one  per  cent  the  :;ctual 
throat  stream  thrust  is  reduced  by  the  factor  (0. 99) (1 . 004)  - 0.994 


xron  tne  "ideal  * value. 


:it  stream  thrust  coefficient  ex- 


ceeds unity  slightly  because  0M  in  the  boundary  layer  exceeds 
unity,  the  minimum  value  of  0H  being  1.0  at  M - 1.0. 

The  friction  factor  for  turbulent  flow  in  pipes  at  the 

assumed  Reynolds  number  is  about  the  same  as  the  value  of  4f„^^ 

app. 

used  above.  Although  the  friction  factor  at  the  nozzle  inlet  is 
expected  to  be  slightly  higher  than  for  developed-pipe  flow,  a 
Reynolds-number  range  is  approached  in  ramjet  applications  where 
a reasonable  surface  roughness  determines  the  friction  factor 
rather  than  Reynolds  number. 

Another  method  of  evaluating  the  boundary-layer  effect 
is  by  calculation  of  the  displacement  thickness  and  momentum 
thickness  of  the  boundary  layer.  Since  the  nozzle  inlet  pre- 
sents numerous  complications,  one  must  resort  to  flat-plate  equa- 
tions as  an  approximation. 

A rough  idea  of  the  magnitude  of  tfce  error  involved  by 
the  flat  plate  approximation  can  be  obtained  by  considering  the 
complicating  factors  individually.  According  to  Mangier  [3], 
the  displacement  thickness  on  the  external  surface  of  a cone  at 
supersonic  speeds  is  l//^  as  great  -s  on  a flat  plate  (friction 
is  yj~3  times  the  flat  plate  value)  . Since  the  boundary-layer 
flow  covers  less  area  as  it  moves  downstream  instead  of  more 
area  as  in  the  case  of  the  cone,  the  effect  should  be  opposite 
to  that  of  a cone  so  that  contraction  should  increase  the  dis- 
placement thickness  slightly.  Well,  [4],  indicates  that  a 
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favorable  (decreasing)  pressure  gradient  decreases  the  boundary 
layer  thickness  and  Increases  the  skin  friction.  Van  Driest  [5], 
indicates  that  transfer  of  heat  from  the  exhaust  gas  stream  will 
decrease  the  displacement  thickness  and  will  increase  the  friction. 

Wall  curvature  effects  should  be  negligible  so  long  as 
the  wall  radius  of  curvature  is  large  compared  to  the  boundary 
layer  thickness.  Thus  there  are  several  complicating  effects 
which,  to  a degree,  are  compensating.  Fortunately,  since  the 
corrections  to  thrust  and  discharge  are  small  compared  to  unity, 
great  accv**aoy  ® not  r«>aulred. 

The  displacement  thickness,  S* , (which  is  the  thickness  of 
a stagnant  region  which  has  the  same  velocity  defect  as  the  inte- 
grated velocity  defect  over  the  entire  boundary  layer)  is  used 
to  evaluate  the  discharge  coefficient.  The  momentum  thickness, 

0,  which  similarly  measures  the  momentum  defect  is  used  to  de- 
termine the  loss  of  throat-stream  thrust.  Setting  the  discharge 
coefficient  equal  to  the  ratio  of  the  net  area  to  the  full  area, 
and  neglecting  a second  order  term,  the  discharge  coefficient 
can  be  expressed  by 


(D„  - 25  ) 


D ^ - 4S'^  D, 


1 - 4SVd^, 


(13.2-9) 


where  S*  is  the  boundary  layer  displacement  thickness. 

Using  the  formula  for  boundary  layer  growth  for  turbulent 

flow  on  a flat  plate  as -an  approximation, 

I 


r -0.1255.^:^  , 


(13.2-10) 


where  R.  is  based  on  the  length,  L,  from  the  leading  edge  of 
L 

a flat  plate.  Using  this  length  as  the  nozzle  inlet  length 
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Substitution  in  Eq.  (13.2-9)  gives, 


0.16  (L/D^) 


Cd  ■ 1 - 


(13.2-12) 


Again  for  R equal  to  10  and  L/D  - 1.0  the  value  of 
c c 

is  about  O.'w/. 

For  turbulent  flow  the  ratio  of  momentum  thickness,  9,  to 
the  displacement  thickness  S is  about  0.80. 


0.033  (L/D  ) 


(13. 2-13) 


Using  the  reduced  area  (r/4) (D^  - 28)^  to  obtain  the 


actual  exit  stream  thrust, 


'f^  ” C,(F^ 
c a c 


, ^D  - 2e\' 


(1  - 40/D^  + . . . ) . 
Cd  c 


(13. 2-14) 
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since  concavity  at  the  beginning  of  the  constriction  should  in- 
sure transition  to  turbulent  flow 
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^ 0.011  (L/D^) 
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For  R « 10®  and  L/D  - 1.0,  and  C.  - 0.99  from 
c c ’ d 

Eq.  (13.2-12) 

- 1.01  (1  - 0.007)  - 1.003. 

Thus  the  actual  throat  stream  thrust  is  0.99(1.003) 
or  0.993  of  the  "Ideal"  value. 

While  no  claim  is  made  for  great  accuracy  of  these  calcu- 
lations, they  at  least  indicate  the  small  magnitude  of  boundary- 
layer  effects  on  the  discharge  and  exit-stream  thrust  of  con- 
verging exit  nozzles  for  the  relatively  high  Reynolds  numbers 
associated  with  ramjets. 

For  large  constriction  ratios,  the  errors  in  thrust  and 
discharge  may  become  relatively  large,  particularly  where  there 
is  no  definite  break  in  the  wall  slope  at  the  nozzle  entrance. 
This  arises  from  the  consideration  that  a boundary  layer  will 
have  developed  upstream  of  the  nozzle  which  will  affect  the 
boundary  layer  in  the  nozzle.  This  type  of  nozzle  will  probably 
require  tests  with  simulation  of  the  upstream  boundary  layer  if 
accurate  resul'ts  are  desired. 

There  are  very  few  data  with  which  to  check  the  above 
calculations.  Comparison  of  two  nozzles  [9]  (see  nozzles  A and 
6 of  Fig.  13.2-2)  having  well-rounded  entries  and  parallel 
throat  sections  indicated  that  the  longer  nozzle  » 1.0) 

had  a lower  discharge  coefficient  than  the  shorter  nozzle 
(L/D^  - 0.5).  The  fact  that  the  longer  nozzle  had  an  average 
discharge  coefficient  of  0.990  and  the  shorter  one  0.995  indi-  . 
cates  evidence  of  increased  friction  in  the  longer  nozzle  since 
it  was  almost  exactly  twice  as  long  as  the  shorter  nozzle.  The 
average  experimental  values  of  were  1.001  for  the  longer 

nozzle  and  0.998  for  the  shorter  nozzle.  The  above  equations 
would  give  1.003  and  1.001  respectively.  The  value  of  0.998  is 
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0.08^*^ 

-*^.36U- 

Ali  Dimensions  in  Inches 


13.2-2  DISCHARGE  COEFFICIENTS  FOR  ROUND  APPROACH 
EXIT  NOZZLE 

The  data  were  obtained  from  Ref. [9]. 
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clearly  experimental  error  since  has  a minimum  value  of  1.0 
at  M - 1.0.  If  the  error  were  systematic,  the  difference  in 

between  the  two  nozzles  would  be  more  reliable  than  the  ab- 

solute  values.  The  theoretical  and  experimental  difference^' 
agree  well  within  the  experimental  accuracy.  The  Reynolds  nuiv^- 
bers  in  these  cold  flow  nozzle  tests  approximated  that  of  a 24- 
inch-dlameter  combustor  with  burning. 

It  should  be  noted  that  the  entire  stream  cannot  be 
strictly  treated  as  a one-dimensional  stream  with  a total  pres- 
sure loss  to  account  for  friction,  although,  for  most  cases,  lue 
error  arising  from  such  treatment  will  not  be  large.  For  exam- 
ple, assuming  the  total  temperature  and  the  Pm/P^  ratio  to  be 
eqvxal  to  the  ideal  values,  the  previous  value  of  for  0.99 
[Eq.  (13.2-12)1  could  be  interpreted  as  a one  per  cent  total 
pressure  loss  over  the  entire  area.  If  f/P^  were  also  assumed 
equal  to  the  ideal  value,  this  same  one  per  cent  total  pressure 
loss  would  cause  a one  per  cent  loss  of  stream  thrust.  The 
above  equations  and  experimental  results  indicate  the  stream 
thrust  loss  is  only  0.6  per  cent.  For  most  ramjet  calculations 
this  difference  is  negligible  so  that  a total  pressure  loss  in- 
terpretation would  be  acceptable.  For  high  efficiency  combus- 
tion systems,  however,  a more  detailed  analysis  may  be  warranted 
since  even  small  losses  can  m^kedly  affect  the  over-all  perform- 
ance. I 

^ Friction  effects  in  a convergent  nozzle  can  be  sum- 

marized as  follows: 

1.  Friction  causes  a reduction  of  discharge  and 
stream  thrust. 

2.  The  stream  thrust  loss  is  not  as  great  as  the 
discharge  loss. 

3.  These  losses  for  most  ramjet  exit  nozzles  will  be 
less  than  one  per  cent  for  nozzle  inlets  which  are 

g 

less  than  one  throat  diameter  long  10  )• 
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Although  these  losses  may  be  approximated  roughly 
by  means  of  a total  pressure  loss,  exact  solution 
will  require  detailed  study  of  the  boundary  layer. 


Ui£  EJLg.ec.ts  al  EslII 


the  Throat 


There  are  several  effects  resulting  from  the  shape  of  the 
wall  contour  which  are  important  in  the  determination  of  conver- 
gent nozzle  performance.  Since  length  limitations  are  usually 
quite  severe  the  ramjet  exit  nozzle  is  usually  made  much  shorter 
than  nozzles  used  for  other  purposes. 

The  nozzles  considered  up  to  now  have  had  well-rounded 
inlets  and  throat  sections  with  little  or  no  wall  curvature;  that 
is,  a parallel  throat  section.  With  these  comparatively  long 
nozzles,  changes  in  the  flow  direction  within  the  nozzle  are 
rather  gentle  with  the  result  that  pressure,  velocity,  and  Mach 
number  profiles  normal  to  the  nozzle  axis  are  relatively  flat. 

The  necessarily  more  rapid  changes  in  flow  direction  obtained  in 
short  nozzles  result  in  pressure,  velocity,  and  Each  number  pro- 
files normal  to  the  axis  which  are  far  from  flat. 

The  shape  and  location  of  the  sonic  surface  near  the 
throat  are  discussed  in  Refs.  [6,7,  and  8].  The  shape  of  the  son- 
ic velocity  profile  (a  kection  through  'Ihe  surface  where  the  Mach 
number  is  unity)  was  dertermined  [7]  to  |^e  parabolic  to  a first 
approximation.  The  ratio  of  the  radius  of  curvature  of  the  wall 
at  the  throat  to  the  throat  diameter  was  found  to  be  the  control- 
ling parameter.  Figure  13.2-3  shows  the  shape  and  location  of 
the  sonic  profile  for  several  degrees  of  wall  curvature  at  the 
throat.  The  curve  is  parabolic  and  crosses  the  plane  of  minimum 
area  at  a distance  equal  to  0.707  of  the  throat  radius.  Since 
the  equations  from  which  these  curves  were  obtained  are  linear- 
ized, the  results  for  sharp  wall  curvatures  will  not  be  as  ac- 
curate as  for  the  gentler  curvatures. 
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AT  THE  THROAT 

An  axially  symmetric  nozzle  was  used.  The  data,  were  obtained 

from  Refs. [7]  and  [8]. 
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Tests  of  a nozzle  having  a 70  per  cent  constriction  and 
an  r/D^  - 0. 18  revealed  that  the  pressure  on  the  centerline 
reached  the  U • 1.0  value  (0.528  P^)  at  a distance  of  0.12 
downstream  of  the  minimum  area.  Apparently,  for  sharp-wall 
curvatures,  the  sonic  surface  profiles  of  Refs. [7]  and  [S]  may  be 
too  strongly  curved. 

The  wall  and  centerline  Mach  numbers  at  the  minimum  geo- 
metrical area  are  also  calculated  with  linearized  equations  in 
Kef.  [8].  Figure  13.2-4  shows  the  variation  of  these  Mach  num- 
bers with  radius  of  wall  curvature  for  an  axially  symmetric  nozzle, 
A correction  for  discharge  is  given  in  Ref.  [6],  which  is 
dependent  upon  the  ratio  of  the  radius  of  curvature  of  the  wall 
at  the  throat,  r,  to  the  throat  diameter,  D^.  The  equation  re- 
sults from  a first  approximation  and  is  restricted  to  small  wall 
slopes  and  radii  of  curvature  of  the  order  of  or  greater. 


- 1.0  - 


384  (r/D^)' 


(13.2-15) 


1.0  - 


160  (r/D  )■ 
c 


for  y = 1.40 


For  an  axially  symmetrical  nozzle  having  a hyperbolic 

• 

wall  profile  with  r^/D^  - 1.67  lat  the  throat,  the  Mach  number  at 
the  wall  is  1.08  and  at  the  cei^terline  is  0.92.  The  discharge 
coefficient  would  be  0.998.  Comparison  of  theoretical  and  ex- 
perimental Mach  numbers  for  r/D  - 2.5  gave  relatively  good 
agreement  up  to  the  throat.  (The  wall  Mach  number  rose  to  about 
1.2,  however,  at  a distance  of  about  0.1  of  the  throat  diameter 
downstream  of  the  throat. ) 

A similar  treatment  in  Ref.  [7]  yields  substantially  the 
same  results.  The  shape  of  the  sonic  velocity  profile  is  deter- 
mined to  be  parabolic  to  a first  approximation.  The  axial 
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Fig 


13.2-4  EFFECT  OF  WALL  CUnVATUBE  AT  THE  THROAT  ON 
THROAT  MACH  NUMBER  PROFILE 

An  axially  symmetric  nozzle  was  used.  The  data 
were  obtained  from  Ref. [8]. 
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velocity  gradient  of  an  axially  eyi«etrlcal  nozzle  Is  shoen  to 
be  about  40  per  cent  greater  than  that  for  a two-dimensional 

C«1  oresents  the  wall  and  centerline  Mach  num- 

SVOX  WA4IWW  L - J - 

bers  at  the  throat  plane  of  two-dimensional  and  axially 
trlcal  nozzles  from  which  a discharge  correction  (to  be  applied 
to  one-dlmenslonal  flow  equations)  Is  obtained,  me 
correction  depends  only  on  the  ratio  r/D^  at  the  throat  although 
discontinuities  In  the  radius  of  curvature  render  the  ' 

tlon  of  the  results  uncertain.  The  . 

formula  which  fits  the  tabulated  values  <r,  > 

for  an  axially  synunetrical  nozzle  and  y = 1.40. 


1.0  - , ‘ . iTi 

66.7  {t/D) 


(13.2-16) 


The  Change  In  C,  with  r Is  shown  to  be  very  slight^  At  r/D  - 1.0, 
Ref  [81  would  give  a of  about  0.985  as  compared  to  0.994  ob 
Tamed  from  Hef.  [8).  ?t  Is  stated  In  Hef.  [8l  that  for  an  axl- 
allv  symmetric  nozzle  with  gentle  curvatures,  the  wall  Mach  nu  - 
her' will  exceed  unity  by  the  same  amount  the  centerline  Mach  num- 
ber is  less  than  unity.  Comoarlsnn  with  Ref.  [6]  at  r/  ^ 
elves  exact  agreement. 

Figure  13.2-5  compares  Eq.  (13.2-15)  from  Ref.  [6]  and 
the  reciprocal  of  the  discharge  correction  from  t 8l . A so 

A.  A M-M.M  ^4^  Om  /O  / f PlH/P  . i •• 


the  reciprocal,  aaa  - o \ 

shown  In.Flg.  13.2-5  16  the  Integration  of  Pm/P^/lPm/P,)^  10 
over  the  throat  area , /assuming  that  the  Mach  number  ppflle  I 
parabolic  and  that  the  decrement  below  M - 1.0  at  the)  centerline 
equals  the  Increment  above  M - 1.0  at  the  wall. 


_ 1 J (pS/Pj)  dA/A  (13.2-17) 

“ (Pm/P^)  u _ 1.0  '^o 
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Fig. 


13.2-5 


EFFECT  OF  WALL  CURVATURE  AT  THROAT 
ON  DISCHARGE  COEFFICIENT 
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The  values  of  the  wall  and  centerline  Mach  numbers  were 
taken  from  Fig.  13.2-4.  Although  Eqs,  (13.2-16)  and  (13.2-17) 
should  agree,  it  is  apparent  that  they  do  not.  The  reason  is 
unknown. 

These  effects  occur  in  a completely  isentropic  flow  and 
do  not  depend  on  viscous  or  total  pressure  losses. 

Comparison  of  Fig.  13.2-5  with  experimental  results  is 
difficult  because  of  test  inaccuracies  and  the  fact  that  many 
no^^zles  do  not  have  a constant  radius  of  curvature  of  the  wall 
near  the  throat.  The  comparisons  shown  in  Fig.  13.2-5  are  for 
nozzles  which  have  a constant  radius  of  curvature  for  a consid- 
erable distance  upstream  of  the  throat. 

It  is  stated  in  Ref.  [18]  that  a considerable  deteriora- 
tion of  the  discharge  coefficient  shows  up  only  when  the  profile 

radius  of  curvature  at  the  throat  is  less  than  0.5  D and  that 

c 

the  intake  angle  ahead  of  the  throat  has  practically  no  influence 
on  the  losses  in  the  nozzle  Intake.  Data  for  nozzles  having  a 
60-degree  convergent  total-angle  cone  followed  by  a throat-gener- 
ating radius  of  about  0.4  gave  an  average  discharge  coeffi- 
cient of  0.985.  The  constriction  ratio  was  about  33  per  cent 

5 

and  the  throat  Reynolds  number  varied  from  about  6 x 10  to 
3 X 10®. 

Tests  carried  out  on  nozzles  having  a conical  constric- 
tion of  90-degree  total  angle  followed  by  a throat-generating 
radius  are  reported  in  Ref.  [lO  ].  Changing  the  throat-generating 
radius  from  0.5  D to  0.25  D caused  only  about  0.4  per  cent  de- 
crease in  the  average  discharge  coefficient  (0.990  to  0.986). 
Decreasing  the  intake  total  angle  from  90  to  60  degrees  with  a 
throat-generating  radius  of  0.5  D^  increased  the  discharge  co- 
efficient 0.7  per  cent  from  0.990  to  0.997.  These  nozzles  all 

had  a 50  per  cent  constriction  ratio  and  a throat  Reynolds  num- 

0 

ber  of  about  2 x 10  based  on  the  throat  diameter. 
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Recent  tests  reported  in  Ref,  [9]  are  given  in  Fig.  13.2-2, 

The  longest  nozzle  did  not  have  the  highest  discharge  coefficient. 

6 6 

The  throat  Reynolds  number  for  these  tests  was  1 x 10  to  3 x 10 
and  the  constriction  ratio  was  70  per  cent.  The  two  longest  noz- 
zles (A  and  B)  were  previously  described  in  the  section  on  the  ef- 
fects of  wall  friction.  Since  the  shorter  nozzles  (C,  D,  and  E of 
Fig.  13,2-2)  have  discontinuities  in  the  wall  curvature  just  up- 
stream of  the  throat,  they  cannot  be  compared  directly  to  Fig, 

13. 2-5. 

Although  it  is  shown  in  Ref. [8]  that  the  wall  profile  ef- 
fect on  the  discharge  coefficient  results  only  from  the  throat 
curvature  with  zero  wail  slope  at  the  throat,  it  seems  quite 
probable  that  the  upstream  curvature  also  exerts  an  influence 
on  , although  the  magnitude  of  the  influence  probably  decreases 
with  increasing  distances  upstream  of  the  throat  as  the  cross- 
sectional  area  increases. 

While  there  is  considerable  scatter  between  the  theoreti- 
cal and  test  data  it  appears  that  the  curves  have  the  correct 
shape.  When  the  is  less  than  0.5  to  l.C  the  discharge  falls 

off  rapidly  and  will  probably  be  quite  sensitive  to  small  changes 
in  the  inlet-wall  shape.  The  test  values  of  appear  to  agree 
as  well  with  Eq.  (13.2-17)  as  any  other.  It  might  be  well  to 
note  that  the  test  values  from  Kef. [23]  used  in  Fig.  13.2-5  are 
probably  somewhat  low  because  no  deduction  was  made  for  friction 
which  is  estimated  to  be  from  0.5  to  1 per  cent.  Friction  for 
the  other  test  values  is  probably  of  the  order  of  0,2  per  cent 
op  less . 

The  stream-thrust  loss  can  be  evaluated  in  a manner  simi- 
lar to  that  of  Eq.  (13.2-17).  Since  the  total  pressure  is  con- 
stant, the  stream  thrust  can  be  expressed  in  terms  of  inte- 

grated over  the  flow  area.  An  expression  which  appears  to  be 
more  useful,  however,  is  the  ratio  of  the  percentage  loss  of 
stream  thrust  to  the  percentage  loss  of  flow. 
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Assuming  that  unidimensional  equations  can  be  applied  to 
a small  portion  of  the  flow  and  that  this  flow  is  at  an  arbi- 
trary Mach  number  instead  of  M = 1.0  at  the  minimum  geometrical 
area,  the  percentage  airflow  loss  is 


W 

_^JLosa  ^ 

W 


yf  (Pm/P^)^  - (Pm/P^) 

.a  ^ 

(Pm/P^)j^ 


= 1 


''d’ 


(13.2-18) 


where  1 in  this  case  is  the  value  at  M = 1.0.  Similarly  the 
stream  thrust  loss  is 


^loss 


= 1 - 


(f/Pj.).  - (f/P^) 


1 - Cd  Cf  . 

c 


(13.2-19) 


Denoting  the  ratio  of  the  stream  thrust  loss  to  the  air- 
flow loss  by^  N results  in  the  following  equation: 


N 


1 - ^d  Cf 

5 

1 - C. 


(13.2-20) 


It  is  shown  in  Fig.  13.2-6  how  N varies  for  Mach  numbers 
near  unity.  Except  for  a very  small  region  of  M = 0.98  to  1.02, 
the  pe  2TC3  la'w  cl  ge  loss  of  stream  thrust  is  about  60  per  cent  of 
the  percentage  flow  loss. 

If  one  were  to  obtain  an  integrated  value  of  N,  the 

throat  stream  thrust  coefficient  could  be  obtained  from  C,. 

d 
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Fig. 


13.2-C  RATIO  OF  PERCENTAGE  STREAM  THRUST  LOSS  TO 
PRESSURE  FLOW  LOSS  vs  MACH  NUMBER 
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1 _ vi'i  _ r 'i 


(13.2-21) 


Letting  AM  denote  the  deviation  of  the  Mach  number  from  M - 1.0, 
Integrated  values  of  N are  shown  in  Fig.  13.2-7.  The  curves 
were  first  calculated  as  a direct  integration  of  Fig.  13.2-6 
from  -AM  to  +AM.  This  was  equivalent  to  assuming  a linear  Mach 
number  distribution  from  i — aM  to  1 + AM  in  a two-dimensional 
duct.  A series  of  integrations  was  also  carried  out  for  an 
axially  symmetric  duct  assuming  a parabolic  Mach  number  profile 
from  1 - AM  at  the  centerline  to  1 + AM  at  the  wall  (see  Fig, 
13.2-4).  The  curves  for  the  two  types  of  flow  were  essentially 
identical . 

For  > 0.90,  N would  have  to  be  in  error  by  more  than 
d ’ 

ten  per  cent  to  cause  an  error  of  one  per  cent  in  , so  that 

c 

great  accuracy  of  N is  not  essential.  It  may  also  be  noted  by 
inspection  of  Fig.  13.2-6  that  the  variations  of  the  profile 
would  have  little  effect  on  the  integrated  value  of  N except 
where  there  is  a relatively  large  region  of  the  flow  within 
±0.02  of  M - 1.0. 

The  sonic  test  nozzles  of  Ref. [9]  (see  Fig.  13.2-2) 
provide  an  opportunity  to  apply  the  above  analysis  for  compari- 
son with  experimentil  values.  Usln|  the  values  of  the  wall 
Mach  number  and  thelcorrespondlug  vi^lues  of  N,  the  experimental 
values  of  C.  are  employed  to  predict  using  Eq.  (13.2-21). 

The  predicted  and  experimental  values  of  C.  are  compared  in 

^c 

Fig.  13.2-8.  Since  several  experimental  values  of  C-  fall 

c 

below  unity  there  is  reason  to  believe  that  the  experimental 

values  of  are  as  much  as  0.5  per  cent  low.  Since  was  used 

to  calculate  the  experimental  (defined  in  terms  of  actual 

c 

airflow)  a comparison  was  also  made  on  the  basis  of  values  of 
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Fig.  13.2-7  OVER-ALL  RATIO  OF  PERCENTAGE  OF  STREAM  THRUST 
LOSS  TO  PERCENTAGE  FLOW  LOSS  FOR  TWO  TYPES  OF  FLOW 


0.99  1.00  I.OI  1.02  t.03 

Cfg  FROM  Eq.  (13  2-21  ) 


Fig.  13.2-8  COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL  EFFECT 
OF  WALL  CURVATURE  AT  THE  THROAT  ON  C^ 

The  were  obtaloed  from  Ref. [9]. 
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which  are  0.5  per  cent  higher  than  the  test  values.  As  Fig. 
13.2-8  shows,  the  agreement  between  the  theoretical  and  experi- 
mental values  is  good. 

It  should  be  noted  that  a profile  with  variation  will 

have  a lower  stream  thrust  than  a uniform  M - 1,0  profile  since 

the  discharge  decreases  at  a faster  rate  than  increases, 

c 

The  above  analysis  makes  it  possible  to  predict  the  stream 
thrust  loss  from  tne  discharge  coefficient  and  the  wall  Mach  num- 
ber. Actually  if  one  knew  the  wall  Mach  number  one  might  also 
estimate  C^.  Since  it  would  also  be  necessary  to  assume  a Mach 
numbei  profile,  use  of  the  wall  Mach  number  to  obtain  is  not 

believed  satisfactory  as  shown  in  Fig.  13.2-5. 

The  effects  of  wall  curvature  at  the  throat  are  summarized 
as  follows; 

1.  Considerable  variation  of  the  flow,  Mach  number, 
velocity  and  pressure  normal  to  the  mean  flow 
direction  can  occur  in  a constriction  with 
isentropic  flow. 

2.  The  variation  is  greatest  when  the  wall  curvature 
at  the  throat  becomes  small  compared  to  the  throat 
diameter. 

3.  When  r/D^  is  less  than  about  1.0  the  discharge  co- 
efficient begins  to  fall  rapidly. 

4.  Where  losses  are  caused  by  Mach  number  profiles, 
the  percentage  stream  thrust  loss  is  about  60  per' 
cent  of  the  percentage  discharge  loss  (except  for' 

M ±0.02  where  the  losses  are  about  equal). 

I 

5.  Thus  the  discharge  coefficient  can  be  used  to 
estimate  the  thrust  loss. 
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The  Effects  of  Wall  Slope  at  the  Throat 

The  convergent  nozzles  considered  up  to  now  have  had 
parallel  walls  at  the  exit.  The  performance  (C^  and  ) of  such 

nozzles  is  constant  above  a pressure  ratio  slightly  above  the 
critical  pressure  ratio.  At  high  pressure  ratios  there  is,  of 
course,  an  expansion  of  the  jet  to  ambient  pressure  beyond  the 
nozzle  exit.  Distinctly  apart  from  this  effect  is  the  effect 
found  in  some  nozzles  of  jet  contraction  or  formation  of  a vena 
contracta  beyond  the  minimum  geometrical  area. 

The  presence  of  a slope  on  the  walls  at  the  minimum  sec- 
tion gives  rise  to  a radial  momentum  of  the  flow  near  the  wall 
that  causes  a contraction  of  the  jet.  This  effect,  most  pro- 
nounced in  orifice  flow,  has  been  correlated  with  a theoretical 
"contraction  coefficient"  for  orifice  flow  in  Ref.[ll].  Refer- 
ence [12]  shows  the  pressures  and  the  jet  contraction  for  an 
orifice.  These  are  shown  to  be  dependent  on  the  constriction 
ratio.  Although  this  same  jet  contraction  effect  shows  up  to  a 
lesser  degree  in  converging  conical  nozzles,  there  appears  to  be 
no  theoretical  equation  for  its  prediction  in  this  case.  Refer- 
ence [l3]  presents  results  of  discharge  aftd  thrust  tests  on  coni- 
cal constrictions.  Discharge  coefficient  increased  with  increas- 
ing pressure  ratio  and  with  decreasing  conical  angle  between  the 
walls.  For  small  cone  angles  the  discharge  coefficient  did  not 
vary  greatly  with  constriction  ratio  while  for  large  cone  angles 
the  discharge  coefficient  increased  as  constriction  ratio  in- 
creased. Some  of  the  results  of  Ref. [13]  are  shown  in  Fig.  13.2-9. 

The  distinctive  feature  of  both  the  orifice  and  conical 
constriction  is  that  no  limiting  mass  flow  is  found  at  the  crit- 
ical pressure  ratio  as  one-dimensional  equations  would  indicate. 

It  is  indicated  in  Fig.  13.2-9  that  the  pressure  ratio  at  which 
the  discharge  coefficient  becomes  approximately  constant  in- 
creases with  cone  angle. 
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Fig.  13.2-9  DISCHARGE  COEFFICIENTS  FOR  CONICAL  CONSTRICTIONS 
The  data  were  obtained  from  Ref.  [13]. 


- 48  - 

CONFIDENTIAL 


THrS  DOOMOrr  COKTAMS  MFOMHTKW  AFFrCTINC  ThT  MATlOHAC  OCFtNSC  OF  ThC  UNfTtO  STAUS  VfTHM  TH( 
Of  TMC  (SMQNMt  LMV$.  TITlC  i9.  U S C-  SCCTlOM$  ?»)  AND  7»4  THC  TRAMSWI3S<0t«  OM 
THC  RCVtLATNM  Of  ITS  CCMTCNTS  »N  AMY  WANNI*  TC  AH  UNADThOAiZED  PCASOM  ■$  mOHiflTCO  iY  LAW 


CONFIDENTIAL 


yor  convergent  nozzles  trhlch  have  a contraction  of  the  Jet 
beyond  the  minimum  geometrical  area  (or  throat)  the  ifM  at  the 
geometrical  throat  is  not  expected  to  be  unity.  The  following 
deviations  determine  the  value  of  0M  under  such  a condition. 

Assuming  the  pressure  on  the  contracted  free  surface  of 
the  jet  to  be  equal  to  the  pressure  of  the  discharge  region,  the 
continuity  and  momentum  equations  would  give  the  following  results 
Subscript  "c"  denotes  the  exit  or  minimum  geometrical  area  of  the 
nozzle  and  "c the  minimum  Jet  or  vena  contracta  area. 


W 

a 


S 

a 


» S 


a a 


(Wo 


c 


/ 


(13.2-22) 


Since  4>U  , at  the  flow  minimum  area  should  be  unity  or  very 


nearly  so,  and  since  S / 


equals  2.38  for  cold  flow  or  ap- 


proximately 2.42  (1  + f/a)  for  hot  flow,  the  ratio  in 

Eq.  (13.2-22)  is  principally  a function  of  the  Jet  contraction, 

A ./A  as  shown  in  Fig.  13.2-10.  Also  shown  in  Fig.  13.2-10  is 
c c 

the  experimental  for  a portion  of  the  data  presented  in 

Ref. [13].  It  is  assumed  that  is  equal  to  A^,/A^  for  plotting 
purposes.  Values  for  cone  half  angles  from  5 to  90  degrees  and 
nozzle  constriction  ratios  (A^/A^)  from  0.25  to  0.82  are  plotted. 
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^ Me/ 9 Me' , From  Equotion(l3.2-22) 
y = •!■  Lean  Mixiure 

i I ^ 

I 7=1.4  or  7=-f-  Rich  Mixture 

y 1 

/ Plotted  Points  Colcu  oted  From  Reference[l3] 
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Fig.  13.2^10  EFFECT  OF  EXTERNAL  JET  CONTRACTION  ON  THE 
STREAM  THRUST  COEFFICIENT 
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The  plotted  data  are  about  3.5  per  cent  below  that  which  would 
be  expected  from  Eq.  (13.2-22). 

Apparently  (see  Fig.  13.2-10)  the  primary  variable  con- 
trolling the  stream  thrust  is  the  amount  of  jet  contraction  and 
not  how  that  contraction  was  produced,  since  the  data  for  a wide 
variety  of  constriction  ratios  and  wall  slopes  all  plot  very 
nearly  on  a common  line.  The  two  points  close  to  the  curves  for 
Eq.  (13.2-22)  are  of  doubtful  validity  in  this  comparison  since 
for  these  points  the  nozzle  was  barely  choked.  At  first  glance, 
it  would  appear  advantageous  to  use  this  type  of  exit  constric- 
tion. It  is  true  that  the  stream  thrust  exceeds  that  of  an  ideal 
nozzle  having  the  same  nozzle  inlet  airflow  and  total  temperature. 
While  Cj,  correctly  describes  the  stream  thrust  of  the  flow  it 

does  not  take  into  consideration  that,  for  a nozzle  with  jet 
contraction,  a larger  exit  area  is  required  which  will  affect 
the  atmospheric  term  in  the  equation.  The  following  example 
illustrates  the  true  picture. 

Assume  a nozzle  having  jet  contraction  for  which 
D /D.  “ 0.6  and  a = 90  degrees.  Assume  the  nozzle  total  pres- 

CD  2 

sure  is  25  Ih/in  absolute  and  the  base  or  ambient  pressure  is 
10  Ib/ln^  absolute.  A of  0.79  is  given  in  Fig.  13.2-5  and 

a Cj  of  1.05  is  given  in  Fig.  13.2-10.  For  a geometrical  mini- 
■‘‘c 

mum  area  of  100  square  inches  the  ideal  airflow  would  be 
W^  = P^A(pVp^)  / ,/t^  = 25  (100)  (0.5162)/  ^T^ 

= 1290/ 


the  actual  airflow  would  be 

= (0.79)  (1290/  Jt^)  = 1020/ 
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and  the  Ideal  stream  thrust  would  be 

F - P.A(f/P. ) - 25  (100) (1.253)  - 3130  pounds 

Cl  X t Cl 

- - (1290)/  ff^)(2.42  ^)O.0)  - 3130  pounds. 

The  actual  throat  stream  thrust  from  Eq.  (13.2-12)  would  be 


/ ••  /\e  \ /n 

\ A. » \j%j  / ««// 


■7 — O G 

^ KA  AAKA  t. 


Consider  a nozzle  having  parallel  walls  at  the  exit  with 
negligible  losses,  i.e. , - 1.0.  Assume  the  same  Inlet 

total  pressure  and  temperature  and  the  same  ambient  pressure. 
The  throat  area  would  be 


A 




25  (0.5162) 


79  square  Inches 


and  the  stream  thrust  would  be 


F^  - 25  (79) (1.253)  - 2470  pounds. 

To  compare  missile  performance  with  these  two  nozzles,  an 

atmospheric  term,  P (.A  •-  A ) must  be  subtracted.  With  the  In- 

’ am  e o • 

let  area,  A and  the  ambient  or  base  pressure,  P (the  same  In 

O nol 

both  cases),  the  quantity  to  be  subtracted  Is  larger  for  the  noz- 
zle having  jet  contraction  by  the  following  amount: 

P (100  - 79)  -=  10  (21)  = 210  pounds, 
am 
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Accounting  for  this  difference,  the  "net"  stream  thrust 
of  the  nozzle  having  jet  contraction  is  2390  pounds  as  compared 
to  2470  pounds  for  the  nozzle  having  no  jet  contraction.  If  the 
test  data  had  agreed  with  Eq.  (13.2-22)  this  example  would  have 
given  identical  "net"  stream  thrusts  for  the  two  nozzles.  The 
reason  is  that  Eq.  (13.2-22)  was  based  on  ambient  pressure  in 
the  contracted  jet. 

One  other  factor  should  be  noted  in  connection  with  Fig. 
13.2-10.  The  test  values  of  should  net  have  been  below  1.0 

so  that  some  systematic  error  may  have  been  present.  Although 
no  mention  is  made  in  Ref.[l3j  of  a reduced  pressure  on  the  out- 
side of  the  nozzles,  it  is  possible  that  such  a pressure  could 
have  affected  the  results. 

The  Important  conclusion  of  this  discussion  is  that  there 
is  no  thrust  advantage  to  be  gained  from  wall  slope  at  the  throat. 
On  the  other  hand,  if  the  possibility  of  a systematic  error  in 
the  data  shown  in  Fig.  13.2-10  is  considered,  no  serious  thrust 
penalty  may  result  from  using  wall  slope  at  the  throat.  There 
is,  however,  considerable  variation  of  the  discharge  coefficient 
(Fig.  13.2-9)  so  that  calculation  of  combustor  or  missile  per- 
formance would  be  considerably  more  cumbersome  than  with  a con- 
stant C ,. 

f 

Effects  Bu mine  in  XhS.  Nozzle 

Since  accurate  pressure  and  temperature  measurements  at 
the  exit  of  a ramjet  combustor  are  very  difficult  to  make,  most 
ramjet  exit-nozzle  performance  testing  is  done  with  cold  flow. 

As  there  is  a negligible  total  temperature  change  with  cold-flow 
tests,  the  results  are  directly  applicable  to  burning  perform- 
ance where  the  burning  in  the  exit  nozzle  is  negligibly  small. 
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The  air  specific  impulse  (S  ) at  the  nozzle  inlet  is  very 
difficult  to  measure  and  is  not  important  except  in  establishing 
the  degree  of  burning  in  the  exit  nozzle.  The  throat  stream- 
thrust  coefficient  is  therefore  based  upon  the  at  the  throat. 
Inspection  of  Eq.  (13.2-5)  shows  that  would  not  be  affected 

by  burning  in  the  nozzle  as  long  as  the  actual  airflow  and  the 

throat  S are  used.  The  actual  S at  the  throat  is  derived  from 
a a 

a theoretical  value  and  an  assumed  or  experimental  combustion 
efficiency.  The  performance  of  most  ramjet  combustors  is  eval- 
uated at  the  throat  of  a soric  nozzle  as  there  seems  to  be  little 
point  in  evaluating  a combustion  efficiency  for  the  combustor  and 
exit  nozzle  separately. 

The  amount  of  total  temperature  change  occurring  as  the 
gases  pass  through  the  exit  nozzle  will  depend  on  the  degree  of 
completeness  of  combustion  at  the  nozzle  entrance,  the  rate  of 
reaction,  and  the  time  spent  in  the  exit  nozzle.  Present  theory 
and  experiment  do  not  allow  much  more  than  a qualitative  dis- 
cussion of  the  total  temperature  change.  Full-scale  combustor 
tests  with  various  convergent  exit  nozzles  have  shown  that,  for 
sea-level  or  high-pressure  tests  (where  the  completeness  of  com- 
. bustion  and  reaction  rates  are  comparatively  high) , there  is 
practically  no  change  in  S at  the  exit  of  a sonic  nozzle  0.2  D 

I long  (nozzle  "B")  (length  = 20  per  cent  of  throat  diameter)  when 
compared  to  one|  1.4  long  (nozzle  ”C") . In  low  pressure  alti- 
tude tests  where  the  completeness  of  combustion  reaction  , 

rates  are  lower,  the  use  of  the  longer  exit  nozzlej  provided  a j 
substantial  increase  in  S at  the  exit,  particularly!  at  high 

^ i 

equivalence  ratio  levels  (where  the  completeness  of  icombustion 
at  the  nozzle  entrance  was  low) . 

Comparison  of  these  performance  gains  with  those  from 
tailpipe  extensions  ahead  of  the  exit  nozzle  indicated  that  the 
performance  gain  could  be  roughly  correlated  with  the  increased 
time  that  the  gases  spent  in  the  engine.  Although  the  reaction 
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rate  in  the  exit  nozzle  is  reduced  by  the  lowered  pressures,  the 
time  increase  will  provide  a first  approximation  of  the  total 
temperature  increase.  In  order  to  make  reasonable  estimates  it 
would  be  necessary  to  have  the  relative  performance  with  two  ex- 
it nozzles  or  with  various  tailpipe  lengths. 

The  effect  of  the  exit  configuration  on  the  combustion 
efficiency  of  the  Talos  combustor  is  shown  very  rcughly  in  Fig. 
13.2-11.  Nozzle  "C"  has  given  practically  the  same  performance 
as  nozzle  ”B"  with  a 12-inch  tailpipe  extension  and  has  practic- 
ally the  same  residence  time  sc  that  these  two  configurations 
are  considered  equal  and  form  the  basis  of  comparison  for  the 
other  configurations.  Comparative  residence  times  of  each  com- 
bustor nozzle  has  been  calculated  for  a particular  . The  resi- 
dence times  of  the  shorter  configurations  can  be  expressed  as  a 
fraction  of  the  total  residence  time  of  the  combustor  long  sonic- 

nozzle  configuration  as  long  as  the  S,,  (or  S / T.  ) of  the  two 

a a V t^ 

configurations  is  the  same.  The  comparative  combustion  effici- 
ency values  were  obtained  by  comparing  the  efficiencies  of  a 
short-exit  configuration  with  either  nozzle  "C"  or  nozzle  "B” 
with  the  12-inch  tailpipe  at  the  same  S / It.  . 

a Oo 

There  was  considerable  scatter  as  well  as  regions  where 
the  long  configuration  gave  an  S / | T which  the  short  config- 

; ^ V ^o 

uration  could  not  p,roduce.  Therefore,  the  curves  show  only  the 

general,  trends.  i 
i 

|It  is  apparent  from  Fig.  13.2-11  that  the  exit  configura- 
/ 

tion  affects  the  combustion  efficiency;  the  effect  becoming  more 
pronounced  as  air  flow  is  reduced  (increase  in  altitude). 

The  use  of  a 65  per  cent  exit  nozzle  in  place  of  a 70  per 
cent  nozzle  would  reduce  the  combustor  Mach  number.  Since  the 
nozzles  represent  only  four  to  twenty  per  cent  of  the  total  resi- 
dence time  the  effect  of  a reduction  of  the  exit  constriction 
would  be  to  reduce  the  horizontal  width  of  Fig.  13.2-11  as  well 
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Fig.  13.2-11  APPROXIMATE  RELATION  OF  COMBUSTOR  AND  NOEZLE 
RESIDENCE  TIME  AND  COMBUSTION  EFFICIENCY — TALOS  MODEL  G 
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as  to  increase  the  values  of  efficiency  because  of  the  iongex 
residence  time.  Consequently,  the  effect  of  the  exit  configura- 
tion becomes  less  as  the  constriction  ratio  decreases.  Tests 
with  a 65  per  cent  exit  nozzle  qualitatively  confirm  this  con- 
clusion. 

The  rather  large  effects  shown  in  Fig.  13.2-1.  result 
from  the  unusually  short  length  of  the  Talos  combustor. 

It  is  clear  from  the  parameters  which  define  the  amount 
of  burning  in  the  exit  nozzle  that  the  total  temperature  change 
IS  peculiar  to  a particular  burner-exit  nozzle  combination  and 

would  be  quite  difficult  to  define  in  generax.  

is  actually  controlled  by  the  conditions  at  the  throat,  a tem- 
perature rise  from  the  inlet  to  the  throat  will  reduce  the  air- 
flow fcr  the  same  upstream  total  temperature  and,  except  for  total 
pressure  effects,  would  reduce  the  by  a ratio  equal  to  the 
square  root  of  the  throat  to  inlet  total  temperature.  Figure 
which  represents  burning  in  a straight  i/j-kC,  indicates 
that  it  is  advantageous  to  burn  in  as  large  a pipe  as  possible 
from  the  standpoint  of  total  pressure  loss.  While  the  informa- 
tion in  Fig.  13.1-4  is  not  applicable  to  ^ duct  of  changing  area 
it  is  probable  that  there  would  be  a total  pressure  loss  which 
would  give  a still  lower  based  on  the  upstream  total  pressure. 
Disregarding  flow  profile  effects,  the  ratio  of  the  actual  noz- 
zle inlet  Mach  number  to  the  isentropic , one-dimensional  value 
is  proportional  to  so  that  burning  in  the  nozzle  would  lower 

*tli6  nozzXG  inXG't  M3.ch  n\inil3©r- 

It  must  be  emphasized,  however,  that  these  effects  are  of 

little  interest  where  the  and  total  pressure  recovery  of  the 
combustor-convergent  nozzle  combination  have  been  determined  by 
experiment.  The  designer  of  a new  powerplant  for  which  no  test 
data  are  available  must  rely  on  estimates  of  the  amount  of  burn- 
ing and  its  effect  on  and  pressure  recovery  as  well  as  on  the 

discharge. 
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Since  data  on  the  measured  total  pressure  loss  in  exit 
nozzles  with  burning  are  not  plentiful,  Fig.  13.2-12  is  included. 
Inasmuch  as  the  total  pressure  calculated  from  thrust  does  not 
agree  with  rake  data,  the  only  method  believed  reliable  for  determi- 
nation of  the  nozzle-inlet  total  pressure  ratio  is  the  use  of  nozzle 
inlet  and  exit  pressure  rakes.  The  curves  shown  in  Fig.  13.2-12 
represent  average  rake  dat=>  with  the  scatter  being  about  +2  per  cent 
for  nozzle  "B"  and  about  ^1  per  cent  for  nozzle  "A  . 

In  the  section  on  friction  it  was  shown,  that  for  nozzles 
as  short  as  these,  the  total  pressure  loss  would  be  of  the  order 
of  1 per  cent  or  less.  The  fact  that  these  nozzles  attain  values 
of  total  pressure  ratio  as  high  as  98  or  99  per  cent  seems  to  con- 
firm the  small  friction  loss. 

The  large  variation  of  the  loss  with  Mg  is  believed  to  be 

caused  primarily  by  burning  in  the  nozzle  since  Mg  is  principally 
dependent  on  combustor  heat  release  for  a given  burner.  A high 
M indicates  a small  heat  release  which  would  be  quenched  by  the 
time  the  flow  reached  the  exit  nozzle,  so  that  one  would  expect 
only  slight  burning  in  the  exit  nozzle.  A low  Mg  indicates  a 
hig.  heat  release  which  might  be  indicative  of  appreciable  burn- 
ing in  the  nozzle. 

Extremities  of  the  range  of  the  total  pressure  loss  can 
be  estimated  by  assuming  that  the  burning  takes  place  just  ahead 
of  the  nozzle  in  a constant  area  duct  or  that  it  takes  place  in 
a straight  duct  whose  area  equals  the  throat  area.  In  the  first 
case  burning  raises  the  Mach  number  to  the  isentro^ic  value  cor- 
responding fo  the  constriction  ratio,  while  in  the  latter  case 
burning  rai.Ls  the  Mach  number  to  1.0.  Since  the  airflow  and 
stream  thrust  are  assumed  constant,  the  Mach  number  before  burn- 
ing can  be  obtained  directly.  Letting  subscript  1 denote  cc^di- 
tions  before  burning  in  the  nozzle  and  subscript  2 denote  condi- 
tions after  burning,  and  assuming  a total  temperature  ratio 


<^1  = S 


(13.2-23) 
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Fig.  13.2-12  MEASURED  TOTAL  PRESSURE  LOSS  ACROSS  TWO 
FULL-SCALE  TALOS  SONIC  EXIT  NOZZLES 

These  data  were  obtained  with  burning  taking  place  at 
an  airflow  of  40  Ib/sec. 
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With  both  Mach  numbers  known  and  the  area  constant,  the 
total  pressure  loss  can  be  calculated 


(f/Pt>i 

(T/Pt>2 


(13. 2“24) 


Calculated  values  of  the  temperature  ratio  required  to 
produce  a given  total  pressure  loss  are  tabulated  below: 


/T,.  Required 
t D 


/p.. 

Burning  Ahead 

Burning 

t t. 

c b 

of  Nozzle 

in  Throa 

1.00 

1.00 

1.00 

0.  98 

1.12 

1. 04 

0.  96 

1.30 

1.  11 

0.94 

1.60 

1. 20 

Temperature  rises  as  high  as  17  per  cent  in  the  exit  noz- 
zle have  been  measured  near  the  peak  by  mears  of  a total  tem 
perature  probe.  This  would  be  sufficient  to  cause  the  measured 
loss  if  most  of  the  burning  occurred  in  the  throat. 

Equations  (13.2-23)  and  (13.2-24)  may  alpo  be  used  to  ob- 
tain an  integrated  total  pressure  loss  r^sultinfe  from  burning  in 
any  portion  of  the  exit  nozzle.  With  the  rate  of  burning  defined 
or  known,  a step-by-step  numerical  integration  can  be  started  at 
the  downstream  end  of  the  minimum  geometrical  area  where  the  one- 
dimensional  Mach  number  will  be  1.0.  By  working  upstream  with 
burning  in  short  ducts  of  constant  area  alternated  with  isentrop- 
ic  area  changes,  an  integrated  value  of  loss  can  be  obtained 
to  any  degree  desired  by  the  use  of  a sufficient  number  of  incre- 
ments. The  accuracy,  of  course,  will  depend  on  the  validity  of 
the  assumed  burning  distribution. 
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13.3  PERFORMANCE  OF  SUPERSONIC  EXIT  DIVERGENCES 

In  the  convergent  section  of  a convergent-divergent  noz- 
zle, the  flow  Is,  for  the  most  part,  subsonic  In  velocity.  Since 
most  convergent-divergent  nozzles  use  a reasonably  rounded  Inlet  , 
jet  contraction  effects  are  usually  absent.  Downstre<».*s  cf  the 
throat  In  the  divergent  section  the  flow  Is  mostly  supersonic  If 
sufficient  pressure  ratio  Is  applied  across  the  nozzle.  In  this 
section  the  flow  In  the  divergent  section  is  discussed.  This 
discussion  applies  not  only  to  convergent-divergent  nozzles  but 
to  exit  divergence  from  a straight  pipe  as  well,  however,  the 
entry  conditions  to  the  divergence  may  differ  slightly. 

As  described  in  the  section  on  the  relation  of  the  exit 
nozzle  to  the  complete  ramjet,  the  use  of  a supersonic  divergent 
section  can  provide  gains  in  thrust  coefficient  and  fuel  specif- 
ic Impulse  over  a sonic  exit  nozzle.  It  was  also  shown  that  the 
amount  of  gain  was  not  only  affected  by  the  flight  Mach  number 

but  also  by  exit  stream  thrust  ratio,  . It  was  shown  in  Fig, 

e 

1.3. 1-3  that  there  might  be  regions  where  the  exit  divergence 
would  produce  a 'lower  and  I^  than  a sonic  nozzle.  A low,  exit 
stream  thrust  coefficient  was  shown  to  reduce  the  available^C^ 
and  I j . 

In  order  to  judge  the  amount  of  gain  br  loss  from  a super- 
sonic diverging  section  over  a sonic  exit  nozzle,  some  knowledge 
of  the  performance  of  real  flows  in  a divergent  section  is 
necessary , 


One-Dimensional  Relations 

The  flow  in  a divergent  section  is  governed  by  the  pres- 
sure ratio  across  it.  For  inlet  total  pressures  very  nearly 
equal  to  the  exit  ambient  pressure,  the  flow  is  subsonic. 
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One-dimensional  relations  for  an  isentropic  flow  show 
that,  for  a given  divergent  exit  to  throat  area  ratio,  A^/A^, 
there  is  a particular  pressure  ratio  for  which  the  exit  stream 
static  pressure  exactly  equals  the  ambient  pressure  of  the  dis- 
charge region.  This  pressure  ratio  is  called  the  design  pres- 
sure ratio  which  is  meet  easily  expressed  in  terms  of  the  exit 
Mach  number.  For  one-dimensional  isentropic  flow,  the  area 
ratio  and  pressure  ratio  in  terms  of  the  exit  Marh  number  are 
as  follows.  Letting  "c"  denote  the  throat  and  "e"  the  exit, 
and  using  a throat  Uach  number  of  1.00 


A 


i 

M 


2 + (y  - 1) 

V + 1 


--y.+  l 
2(y-i) 


(13.3-1) 


1 + 


Z.--1  „2 


y-1 


(13.3-2) 


Suitable  graphs  and  tables  of  these  and  other  Uach  number 
functions  are  available  in  Refs.[l4]  and  [l5],  and  are  also 
given  in  the  Appendix.  \ 

If  the  exit  ambient  pressure  i si  lower  than  that  required 
for  the  design  pressure  ratio  (Iniet  t4tal  pressure  constant) , 
the  flow  in  th^  divergence  is  exactly  the  same  as  the  flow  at 
the  design  pressure  ratio.  There  is  an  expansion  to  the  ambient 
pressure  beyond  the  exit  which  gives  rise  to  the  expression  that 
the  nozzle,  under  these  conditions,  is  underexpanded.  If  the 
exit  ambient  pressure  is  higher  than  that  required  for  the  de- 
sign pressure  ratio,  there  will  be  a nonisentropic  process  by 
means  of  which  the  static  pressure  rises  to  the  value  in  the  dis- 
charge region.  For  one-dimensional  analysis  this  must  be  a nor- 
mal shock  since  oblique  shocks  cannot  occur  in  one-dimensional 
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flow.  For  real  flows,  however,  the  pressure  rise  has  been  found 
to  occur  through  oblique  shocks  with  separation  of  the  flow  from 
the  nozzle  walls.  (See  Figs.  13.3-1  and  13.3-2.)  A nozzle  op- 
erating with  a discharge  pressure  higher  than  that  for  the  de- 
sign pressure  ratio  is  referred  to  as  overexpanded. 

The  exit  stream  thrust  for  a supersonic  divergence  may 
be  expressed  by  one-dimensional  isentropic  equations  for  nozzle 

oressure  ratios  (P^  /P^)  near  or  above  the  design  pressure  ratio 

'b  ® 


e 

= WS<^>M  (13.3-3) 

a a e 


For  one-dimensional  isentropic  flows,  the  various  forms 
of  the  above  equation  will  yield  identical  values  of  F^.  It  is 
apparent  from  Eq.  (13.3-3)  that,  for  a given  airflow  and 
(controlled  by  conditions  upstream  of  the  throat),  the  maximum 
practical  value  of  F^  will  be  attained  if  the  exit  area  is  made 
equal  to  the  maximum  missile  frontal  area,  since  increases 

as  the  exit  Mach  number  and  the  exit  area  increase.  There  would 
probably  be  little  gain  in  tthrust  coeffici^ent  or  fuel  specific 
impulse  by  expanding  to  an  area  larger  tha^  the  maximum  frontal 

area.  1 '> 

Expansion  of  the  exit  is  favorable  to  increased  F^ , and 

also  reduces  boattail  drag  and  consequently  explains  the  gains 

in  thrust  coefficient  and  fuel  specific  impulse  over  a sonic 

nozzle. 

The  analysis  of  the  exit  divergence  with  considerable 
over-expansion  does  not  lend  itself  to  one-dimensional  treatment 
and  is  discussed  separately  in  a later  section. 
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13.3-2  SEPARATIOM  OF  THE  FLOW  IN  AN  OVEREXPANDED 
NOZZLE — EXIT  PRESSURE  TOO  HIGH 
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Since  the  coefficient  of  discharge  is  controlled  almost 
entirely  by  the  portion  of  the  nozzle  upstream  of  the  throat, 
the  only  item  of  interest  in  the  divergent  section  is  the  ratio 
of  actual  stream  thrust  obtained  to  that  which  one  would  expect 
from  one-dimensional  isentropic  flow.  Tests  reported  in  Ref. [9] 
have  shown  that  the  coefficient  of  discharge  of  a given  inlet  is 
reduced  by  the  addition  of  a supersonic  section.  For  practical 
ramjet  nozzles  this  effect  will  be  less  than  about  one  per  cent. 
The  exit  stream  thrust  coefficient  is  defined  as  follows 


e a a c e. 


d\  S 


(13. 3-4) 


The  subscript  "e"  denotes  the  exit,  "i"  denotes  ideal,  is 
the  actual  stream  thrust  and  W is  the  actual  airflow.  The 
throat  S is  again  used  for  purposes  of  definition  since  the 

SL 

combustion  efficiency  is  most  often  measured  at  the  throat. 

In  cakes  where  the  combustion  efficiency  at  th^  exit  is  knpwn 
or  where  there  is  no  change  in  from  the  thrpat  to  the  e^it , 
Eq.  (13.3-4)  rieduces  to 


where  (tH  is  based  on  the  actual  airflow. 
’ e 
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Divergence  with  Uniform  Flow  at  the  Exit 

The  ideal  divergence  would  be  shockless,  frictionless,  and 
would  have  the  entire  flow  at  the  exit  parallel  to  the  axis. 

This  condition  is  approached  in  supersonic  nozzles  used  in  wind 
tunnel  work  where  the  primary  objective  is  a uniform  shock-free 
flew.  The  length  of  these  nozzles  is  prohibitive  for  almost  all 
ramjet  powerplant  applications.  It  has  been  found  in  Refs.[l6] 
and  [l7]  that  the  shortest  possible  length  of  supersonic  diverg- 
ence which  has  uniform  flow  at  the  exit  is  obtained  with  a sharp 
corner  at  the  throat.  It  may  be  noted  from  Fig.  13.3-3  that 
even  these  shortest  lengths  are  impractical  for  ramjet  applica- 
tion for  both  two-dimensional  and  axially  symmetric  nozzles. 

This  type  of  nozzle  has  its  wall  profile  shaped  to  turn  the  flow 
parallel  to  the  axis,  the  wall  shape  being  determined  by  the 
method  of  characteristics.  Observed  pressures  on  the  walls  agree 
almost  exactly  with  a characteristic  solution.  Consequently,  the 
experimental  stream  thrust  deviation  from  the  ideal  would  arise 
mostly  from  friction. 

Tests  have  been  made  at  the  San  Diego  Propulsion  Labora- 
tory on  two  nozzles  of  this  type  to  determine  the  exit  stream 
thrust  coefficient.  The  thrpat  diameter  was  1.94  inches,  the 
e.xit  diameter  2.23  inches,  ahd^  the  divergence  length  was  3.50 
inches.  Using  air  at  ambient  temperature  and  at  total  pressures 
from  two  to  five  atmospheres  (discharge  to  atabient  pressure)  the 
mean  value  of  was  1.00  which  is  within  the  experimental  error 

of  about  one  per  cent.  Assuming  pipe  friction,  the  effects  of 
friction  in  the  divergent  section  of  these  tests  would  have  re- 
duced Cj  by  about  0.5  per  cent,  an  amount  within  the  experimen- 
e 

tal  error.  One  of  these  nozzles  had  an  inlet  similar  to  nozzle 
"B”  of  Fig,  13.2-2  and  the  other  was  similar  to  nozzle  "E". 

There  was  no  consistent  difference  between  the  values  using 


- 66  - 

CONFIDENTIAL 


THIS  OOCUMCNT  CONTAINS  iNfONMATION  AFl'CCTlNO  TNC  NATIONAL  OCFCNSC  Of  ThC  UNfT»0  STATtS  WITHIN  Th£ 
UCANING  or  THC  SSAICNAOC  LAWS.  TITLE  IS.  USC  SECTIONS  TSS  AND  TS4  THE  TRANSlilSSlON  OR 
the  AEVELATlON  Of  ITS  CONTENTS  IN  ANY  MANNER  TO  AN  UNAUTHORIZED  REASON  IS  RRO^HSlTCO  IT  LAW 


CONFIDENTIAL 


Me 


Fig.  13.3-3  MINIMUM  LENGTH  OF  DIVERGENT  SECTION  FOR  UNIFORM 
FLOW  AT  THE  EXIT— SHARP  CORNER  AT  THE  THROAT 
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these  two  inlets,  the  results  being  within  0.2  to  0.7  per  cent 
of  each  other.  Separation  effects  appeared  in  these  nozzles  be- 
tween pressure  ratios  (P^  2.3.  The  design 'pres- 

b 

sure  ratio  was  about  4.8. 

Since  the  Reynolds  number  of  ramjet  exit  nozzles  will  be 
high,  the  main  objection  to  using  long  divergences  is  not  so 
much  the  loss  resulting  from  friction  but  rather  the  weight  and 
length  requjnements. 


Practical  fiaalel  divergence  Losses 

Since  divergences  with  unlfor i flow  at  the  exit  are  so 
bulky,  it  is  desirable  to  use  a shorter  divergence.  The  most 
common  shorter  divergent  section  is  the  simple  conical  divergence 
usually  connected  to  the  throat  by  means  of  a smooth  curve  or  arc. 
The  principal  reasons  for  this  choice  are  the  relatively  low  loss 
of  thrust  and  the  ease  of  fabrication.  Other  divergent  forms 
utilizing  various  curved  profiles  or  special  forms  may  also  be 
used. 

There  are  several  reasons  for  a loss  of  using  a short 

divef.ging  section,,  the  principal  ones  being 

1.  friction  at  the  wall,  ’ 

2.  exit  flow  not  parallel  to  axis,  and 

3.  variations  of  Mach  number  at  A section.  ^ 

The  effects  of  friction  are  most  important  for  long  di- 
vergences, particularly  those  having  small  angles  of  divergence. 

As  discussed  more  fully  later,  the  flow  at  the  exit  is,  to  a 
first  approximation,  conical  in  axially-symmetric  conical  di- 
vergences so  that  lack  of  parallelism  of  the  flow  and  the  axis 
is  most  Important  for  high  divergence  angles.  Even  though  the 
exit  flow  may  be  essentially  conical,  the  Mach  number  on  a 
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spherical  surface  may  not  be  constant,  indicating  nat  Mach  num 
ber  variations  should  be  considered  in  an  analysis. 

A loss  not  listed  above  is  the  loss  due  to  mixing  of  por- 
tions of  the  flow  having  different  properties,  particularly  tem- 
perature. Reference  [19]  describes  tests  of  a small  nozzle  hav- 
ing a 69  per  cent  constriction  with  both  uniform  and  nonuniform 
temperature  profiles  at  the  exit.  Profiles  were  obtained  by  plac- 
ing a small  burner  close  to  the  nozzle  inlet.  For  ratios  of  maxi- 
mum to  minimum  total  temperature  of  about  1.8  (T  /T  « 1.4) 

max  avg 

it  was  concluded  in  Ref.[l9]  that  there  was  no  change  in  discharge 
or  exit  stream  thrust  coefficient  from  the  values  obtained  with 
uniform  flow.  Since,  from  a mixing  standpoint,  one  might  expect 
a change,  it  is  . xobablc  that  any  changes  which  did  occur  were 
masked  by  experimental  error  which  was  stated  to  be  about  one 
per  cent.  Because  of  present  inadequacy  of  mixing  theory  and  the 
small  discrepancy  indicated  by  Ref.[l9],  no  further  consideration 
will  be  given  to  mixing-effect  losses. 


The  Effects  Wall  rriCtiffiH 

\ Friction  effects  in  the  divergent  section  are  most  impor- 
tant for  low  divergence  angles.  A good  approximation  of  the 
friction,  thfust  loss  for  low  divergence  angles  can  be  obtained  by 
uling-pi^e  friction  equations  considering  the  divergence  to  be 
mJde  up  df  a series  of [cylindrical  segments,  . 

AF  (AP)A  4f (L/D)qA-  (13.3-6) 

'’c  ‘ 


Because  of  the  high  Reynolds  numbers  and  the  small  magni- 
tude of  the  friction  losses,  great  accuracy  is  not  required.  For 
a first  approximation,  then,  the  friction  total  pressure  loss  can 
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be  neglected.  The  total  frictional  effect  summed  up  to  any  de- 
sired area  ratio  and  expressed  in  terms  of  the  ideal  exit  stream 
thrust  at  that  area  ratio  is  as  follows 


ZlMl 


F 


S4f  (L/D)  (q/P^)  (A/A^) 


(f/Pt>c 


(13.3-7) 


Neglecting  the  discharge  coefficient  and  burning  in  the 
divergent  section 


C 


f 


e 


C.(S^  /So 

c e i 


^(AF)  . 
F 

e. 


(13. 3-8) 


If  unidimensional  Mach  numbers  are  used,  the  Reynolds  num- 
ber at  any  station  relative  to  that  at  the  throat  equals  DU  /DU 

c c 

where  U is  the  viscosity.  Variation  of  the  viscosity  ratio  is 
small  since  viscosity  is  roughly  inversely  proportional  to  the 
square  root  of  the  temperature. 

The  effects  of  friction  on  are  shown  in  Fig.  13.3-4 

for  various  area  ratios  and  a throat  Reynolds  number  of  10 

Uhldlmenslonsl^l  values  of  Mach  number  were  used. 

It  is  ^i^pparent  that  for  the  high  values  of  Reynolds  num- 

I bers  found  in'  most  ramjet  applications,  'the  frictional  effects, 

' • 

even  for  large  area  ratios,  are  quite  small  for  total  divergence 

' I 

angles  above  30  degrees.  ! 


Conical  Flow  Thrust  Loss 

Approximate  conical  flow  is  obtained  in  a conical  di- 
verging section  particularly  where  a smooth  transition  is  used 
at  the  throat. 
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The  loss  of  thrust  is  described  in  Ref.[l8]  by  defining 
the  ratio  of  the  average  exit  velocity  to  the  velocity  in  a jet 
parallel  to  the  nozzle  axis.  From  Ref,[l8) 

= cos^  (£)  ♦ (13.3-9) 

where  /3  is  the  total  divergence  angle  ii.  ^>idians.  Conversion  to 
the  exit  stream  thrust  coefficient  can  be  made  using  the  mV  to 
relationship  at  the  design  pressure  ratio,  since  only  the  mV  por- 
tion of  the  stream  thrust  is  affected  by  the  reduction  in  the  av- 
erage velocity.  Again  neglecting  the  discharge  coefficient  and 
burning  in  the  divergence 

Cf  = 1 - f (1  - ^ ) 
e e 

(f/P)^  - 1 
- 1 

The  values  of  arising  from  exit  flow  angularity  with 

the  axis  will 'thus  vary  slightly  with  exit  to  throat  area  ratio 
as  shown  in  Fig.  13.3-S.  ; \ 

In  Fig.  13.3-5  is  shown  a comparison  of  the  values  of 

^e 

obtained  from  Eqs.  (13.3-8)  and  (13.3-10)  as  compared  with  numer- 
ous experimental  data  from  Ref s . [ 9 , 10 , 18 , 20 , and  21].  The  vari- 
ously defined  values  of  thrust  efficiency  from  these  references 
have  been  converted  to  for  presentation  in  Fig.  13.3-5. 

Hengartner  and  Werwerka  [l8]  describe  tests  on  a series 
of  supersonic  nozzles  having  a 7.5  mm  diameter  throat,  expansion 
ratios  (A^/A^)  of  about  2.1,  total  divergence  angles  from  5 to 
60  degrees,  and  inlet  total  pressures  from  3 to  14  atmospheres 
(discharge  to  atmospheric  pressure) . The  inlet  total  tempera- 
tures are  not  stated. 


(1  - • (13.3-10) 
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.fl- TOTAL  DIV.  ANGLE  (degrees) 

Fig.  13.3-4  EFFECT  OF  FRICTION  ON  EXIT  STREAM 
THRUST  COEFFICIENT 
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Fig.  13.3-5  THE  EFFECT  OF  DIVERGENCE  AHGLE  AND  FRICTION  ON 
THE  EXIT  STREAM  THRUST  COEFFICIENT  FOR  CONICAL  DIVERGENCES 
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The  most  favorable  angle  of  divergence  of  these  nozzles 
was  about  15  degrees  of  the  total  angle.  Extension  of  the  model 
test  data  to  full  scale  indicated  that,  since  friction  would  be 
relatively  decreased  in  the  large  nozzles,  a slightly  smaller 
angle  would  be  optimum  for  full  scale.  An  optimum  of  about  12 
degrees  was  indicated  for  a 20-inch  throat  diameter  with  hot  gas 
flow.  Test  data  from  Ref. [18]  are  shown  in  Fig.  13.3-5.  The 

^ e 

loss  increases  rapidly  beyond  about  20  degrees  total  divergence 

angle.  Although  these  nozzles  were  quite  small  the  throat  Rey- 

5 6 

nolds  number  is  estimated  to  be  about  5 x 10  to  3 x 10  . The 
data  indicate  that  the  values  of  would  be  constant  over  a 

rather  wide  nozzle  pressure  ratio  range  but  that  overexpansion 
beyond  about  twice  the  design  exit  pressure  causes  separation 
with  consequent  changes  in  the  exit  stream  thrust  coefficient. 

Fraser,  Connor,  and  Coulter  [20  ] describe  the  tests  made 
to  determine  the  thrust  losses  of  a series  of  convergent-diver- 
gent  nozzles  having  a conical  divergence.  These  nozzles  had  a 
well  formed  inlet  and  a sharp  corner  at  the  throat.  The  nominal 
throat  diameter  was  0.5  inch  and  the  exit  area  ratio  (A^/A^)  v;as 
6.0  with  total  divergence  angles  from  10  to  60  degrees.  These 
nozzles  were  tested  at  the  design  pressure  ratio  of  about  63.5 
atmospheres  with  discharge  to  the  atmosphere. \ The  throat  Rey- 
nolds number  is  estimated  to  be  about  1.8  x loY . These  data 
are  also  plotted  in  Fig.  13. 3-5.  Since  the  coefficieni  of  dis- 
charge was  not  given,  it  was  assumed  from  the  thrust  ratio  of  a 
well  roundcid  sonic  nozzle  (No.  30),  to  be  0.975  for  all  the  noz- 
zles having  the  same  inlet.  Again  there  is  a pronounced  drop  in 
Cj  , but  this  time  at  about  30  degrees  total  divergence  angle. 

A direct  comparison  [20  ] of  a sharp  cornered  nozzle  with 

a nozzle  having  a rounded  wall  profile  at  the  throat  (r/D^  = 2.0] 

indicated  that  the  rounded  throat  gave  a C^  of  about  one  per 

e 

cent  higher  than  that  with  a sharp  cornered  throat.  The  exit 
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divergence  total  angle  of  2.0  degrees  and  exit  to  throat  area 
ratio  of  6,0  was  the  same  for  both  nozzles. 

Another  comparison  [20]  was  made  in  which  a sharp  corn- 
ered nozzle  having  an  exit  to  throat  area  ratio  of  6.0  was  com- 
pared to  a nozzle  having  an  exit  area  to  throat  area  ratio  of  3.6, 
both  with  a total  divergence  angle  of  20  degrees.  Comparison  at 
their  design  pressure  ratios  shows  that  the  for  the  area  ra- 

tio  of  3.6  is  about  0.6  per  cent  lower  tnan  for  the  area  rati'^ 
of  6.  0. 

Curves  in  Refs.(l8]  and  [20]  show  the  increased  influence 
of  friction  at  the  low  divergence  angles. 

Hengartner  [21]  describes  tests  on  nozzles  similar  to 
those  shown  in  Ref.[l8|  except  that  the  exit  to  throat  area  ratio 
was  varied.  Total  divergence  angles  of  15  and  30  degrees  were 
investigated.  The  results,  in  terms  of  C^  , are  plotted  in  Fig. 

13.3-5.  The  frictional  effect  is  small  but  is  definitely  more 
pronounced  at  a divergence  angle  of  15  than  at  30  degrees. 

Tests  were  made  at  the  Convair  Propulsion  Laboratory  [9] 
on  nozzles  having  total  conical  divergence  angles  of  30  to  40  de- 
grees, a throat  diameter  of  1.94  inches,  an  exit  to  throat  area 
ratio  of  1,33,  and  wall  curvatures  at  the  throat  of  0.5  D . Air 

. • c 

'at  two  to  five  atmospheres  and  ambient  total  temperature  was 
’used  with  discharge  to  ambient  pressure.  The  results  are  also 

I 

plotted  in  Fig.  13.3-5.  The  throat  Reynolds  number  of  these 

6 S 

tests  was  from  1 x 10  to  3 x 10 

Palmer  and  Bennett  [10]  show  the  results  of  tests  on  four 

supersonic  nozzles  having  conical  divergences.  The  exit  to 

throat  area  ratio  was  2,0,  the  throat  diameter  was  1.06  inches, 

and  the  throat  curvatures  were  0.5  and  0.25  D . The  throat  Rey- 

6 ^ 

nolds  number  was  approximately  10  . The  results  at  the  design 
pressure  ratio  are  shown  in  Fig.  13.3-5. 
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The  important  conclusions  to  be  obtained  from  Fig,  13.3-5 
are  as  follows: 

1.  The  exit  stream-thrust  coefficient  for  total  conical 
divergence  angles  less  than  20  degrees  is  controlled 
principally  by  friction  and  will  consequently  vary 
with  nozzle-wall  surface  area,  Reynolds  number,  and 
the  finish  of  the  wall  surface. 

2.  For  exit  conical-divergence  angles  from  about  20  to 
60  degrees , there  is  an  appreciable  reduction  of  the 
exit  stream  thrust  coefficient  which  is  caused  large- 
ly by  the  velocity  component  loss. 

3.  The  best  compromise  for  a conical  divergence  would 
probably  be  with  an  exit  total  divergence  angle  of 
about  20  to  30  degrees  for  which  the  exit  stream 
thrust  coefficient  would  be  about  0.97  to  0.98, 


Use  of  tlifi  Method  q£  Characteristics 


^ Although  the  assumption  of  conical  flow  gives  values  of 

d,  which  aire  reasonably  ^lose  to  experimental  values,  such  an 

' A " ■ ’N  \ V \ V 

as8ui|;ipt  toy  m^y  not  be  v^litt,  part  icularly  nearj  the  \throat . 1 

Th^  surfacesVof  '^ona^anA  Hs^ch  num^ij  in  one-pim^sioqal 

plants  noriial  *t\\e  aici^,  ^he  Itechi  nJi|ber  ^eing',  dp-l  ■ 

ative  to  the\ throat  arei.  |fc^  coni-r' 


flow  are 
termined  by  t 
cal  flow  the 


e flow  are'a  rt  ^ 

[urfaces  <.f  constant  Mach  number  are  spherical. 
tViken  parallel  to  the  nozzle  jaxis,  the  plane  sur-| 


sections  are 

faces  appear  as  straight  lines  and  the  sphferical  surfaces  as  arcs 
of  circles.  These  are  illustrated  in  Fig.  13.3-6,  together  with 
Mach  number  profiles  determined  by  the  method  presented  in  Ref. 

[ 22]  for  axially  symmetric  flow.  The  latter  curves  assume  a flat 
sonic  profile  at  the  throat  and  the  wall  profile  is  a straight 
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Fig.  13.3-6  COMPARISON  OF  MACH  NUMBER  PROFILES  IN  A 
CONICAL  DIVERGENCE 
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line  inclined  15  degrees  to  the  axis  = 30  degrees).  A sharp 
corner  is  assumed  at  the  throat,  It  is  apparent  that  the  Mach 
number  profiles  lor  the  various  methods  of  analysis  are  quite 
different.  Although  the  method  of  characteristics  is  the  most 
rigorous  and  should  most  nearly  define  the  true  flow  conditions, 
there  is  some  evidence  that  extreme  care  must  be  exercised  in 
its  application  to  a particular  problem. 

A comparison  of  two  analyses  made  by  the  method  of  ohat’- 
acteristics  is  shown  in  Fig.  13.3-7.  In  both  cases  a flat 
M " 1.0  surface  and  a sharp  corner  at  the  wall  were  assumed  at 
the  throat.  In  one  case  a perfectly  straight  wall  was  assumed 
having  a slope  of  15  degrees  with  the  axis.  The  calculations 
were  made  on  International  Business  Machine  equipment  described 
in  Ref. [22].  The  other  solution  was  taken  from  Ref. [17]  and  is 
the  upstream  portion  near  the  throat  of  a nozzle  designed  to  have 
a uniform  Mach  number  of  3.041  at  the  exit.  It  is  clear  from 
Fig.  13.3-7  that  there  is  a marked  difference  in  the  Mach  number 
profiles.  Although  the  boundary  conditions  are  different,  the 
mean  wall  slopes  are  very  nearly  the  same  There  is,  however, 
a maximum  of  about  3 degrees  difference  in  wall  slope  at  the 
sharp  corner. 

Evidently  there  is  a slignt  difference  in  the  method  of 
starting  the  two  solutions  since  the  M » 1.5  lines  (which  are 
part  of  the  initial  expansion  fan  at  the  corner)  are  not  identical 

The  main  purpose  of  Fig.  13.3-7  is  to  illustrate  the  large 
differences  which  can  arise  from  seemingly  small  differences  in 
wall  slope  and/or  method  of  starting  the  solution.  It  should  be 
noted,  however,  that  the  wall  Mach  numbers  are  in  fair  agreement 
to  about  M = 2.0  although  the  interior  Mach  numbers  disagree. 

Although  the  flat  M - 1.0  profile  assumption  is  good  for 
wind-tunnel  nozzles  having  long  well-formed  convergent  sections, 
the  characteristics  solution  should  be  started  with  a curved  son- 
ic profile  for  the  shorter  nozzles  used  in  ramjets.  An  estimate 
of  the  shape  of  the  sonic  curve  can  be  obtained  from  the  pre- 
ceding section  on  convergent  nozzles. 
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An  estin.ate  of  the  stream-thrust  loss  can  be  made  on  the 
basis  of  the  characteristics  method  solution.  Such  an  estimate 
has  been  made  for  sharp-cornered  divergences  with  a flat-sonic 
profile  at  the  throat.  Solutions  with  curved-sonic  profiles 
were  not  available.  It  was  assumed  that  the  stream  thrust  at 
the  throat  equalled  the  unidimensional  value  and  that  the  diver- 
gent flow  was  isentropic.  The  exit  stream  thrust  was  obtained 
from  an  integration  of  the  static  pressure  over  the  divergent 
area. 


F 
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F*  + 


PdA 


t**  / 


4>u 


= F*  + P 


PA* 
^ F^" 


d(A/A*) 

d(A/A*) 


f — 

J ^ 


1 + 


757^  I (p/i>t)  d(A/A.) 


(13.3-11) 


It  was  found  convenient  to  assume  an  increment  of  area 

d(A/A*)  and  evaluate  the  average  P/P^  over  each  increment.  For 

example  if  the  throat  area  is  normalized  to  unity  and  d(A/A*) 

] • 

is  taken  as  0.05,  the  average  P/P^  is  obtained  between  1.00  and 
1.05,  between  1.05  and  1.10,  etc.  By  successively  summing  up 
these  incremental  values,  and  using  Eq.  (13.3^11),  an  integrated 
value  of  0M  along  the  nozzle  can  be  obtained.  Substitution  of 
this  value  in  Eq.  (13.3-5)  gives  the  values  of  as  a function 

of  area  ratio  of  expansion. 

Figures  13.3-8  and  13.3-9  show  the  results  of  such  inte- 
grations for  two  sharp-cornered  divergences,  one  having  15-degiee 
and  the  other  a 30-degree  half  angle.  Interpolation  of  Fig.  13.3-8 
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Fig.  13.3-8  EXIT  STREAM  THRUST  COEFFICIENT  FOR  A 
SHARP-CORNERED  DIVERGENCE 


Fig.  13.3-9  EFFECT  OF  LENGTH  ON  THE  STREAM  THRUST  COEFFICIENT 
FOR  A SHARP-CORNERED  DIVERGENCE 
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was  used  to  obtain  Fig.  13.3-9.  The  latter  shows  that  there  is 
very  little  thrust  gain  by  using  total-divergence  rngles  less 
than  about  20  degrees.  Using  the  Talos  Lot  I exit  divergence 
as  an  example  (L/D  -55^0.4  and  A /A  - 1.35),  it  is  apparent 
from  Fig.  13.3-9  that  doubling  its  length  would  produce  little 
gain  in  exit— stream  thrust. 

It  is  possible  to  use  a flow  streamline  as  a ncszle 
boundary  so  that  a given  characteristics  solution  could  supply 
data  for  several  contours.  In  view  of  Fig,  13  3-7,  however,  the 
safest  course  is  to  make  a characteristics  solution  for  the  par- 
ticular wall  contour  since  apparently  even  small  wall  deviations 
are  important. 


Special 


Forms 


There  are,  besides  the  conical  divergence,  a number  of 
exit— divergence  forms  which  have  been  investigated. 

Hengartner  and  Werwerka  [18]  describe  tests  on  an  exit 
form  which  had  a 30-degree  conical  divergence  with  an  exit  re- 
flex whose  radius  was  0.67  which  was  parallel  to  the  axis  at 
the  exit.  Comparison  with  a nozzle  having  a 30-degree  conical- 
divergence  angle  and  a 25-degree  conical— divergence  angle  showed 
. practically  no  difference  in  exit  stream-thrust  coefficient. 

A comparison  was  made  at  the  San  Diego  Propulsion  Labora- 
tory of  three  supersonic  exit  nozzies  having  the  same  over-all 
length  and  inlet,  throat  and  exit  ^reas.  Two  of  these  had  coni- 
cal divergences,  one  30-degree  total  angle  and  the  other  a 40- 
degree  total  angle.  The  third  nozzle  Lad  a conical  divergence 
of  36  degrees  total  angle  followed  by  a reflex  having  a radius 

of  curvature  of  about  1.0  D . The  exit  stream  thrust  coefficient 

c 

of  the  reflexed  nozzle  was  almost  identical  to  that  of  the  30- 
degree  conical  divergence,  the  40-degree  divergence  nozzle  being 
about  one  per  cent  lower  [9]. 


I 
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From  these  two  examples  it  vitcy  be  concluded  that , for 
nozzle-divergence  angles  of  about  20-30  degrees  total  angle,  the 
addition  of  a reflexed  exit  causes  a practically  negligible  in- 
crease in  the  exit  stream-thrust  coefficient  over  that  of  a coni- 
cal divergence  having  roughly  the  sr.jie  length  and  exit-  area  ratio 
Two  convex- (wall  slope  increasing  with  increasing  distance 
from  the  throat)  divergent  sections  have  been  investigated  [18], 

One  had  a radius  of  curvature  of  0.5  D and  the  other  about  2.7 

c 

D^.  The  performance  of  the  nozzle  having  a short  radius  of  curva- 
ture was  almost  identical  to  that  of  a sonic  nozzle.  The  nozzle 
having  the  longer  radius  of  curvature  had  an  exit  stream  thmst 
coefficient  of  about  one  per  cent  less  than  that  of  a conical 
divergence  of  the  same  length. 

The  use  of  a cylindrical  shroud  downstream  of  an  abrupt 
(/3  = 180  degrees  total  angle)  expansion  is  presently  being  in- 
vestigated by  The  Johns  Hopkins  University,  Applied  Physics 
Laboratory.  Preliminary  results  have  been  informally  reported. 
With  no  shroud  the  pressure  on  the  surface  surrounding  the  exit 
is  near  ambient  even  with  pressure  ratios  in  excess  of  the  criti- 
cal pressure  ratios.  If  the  shroud  length  is  increased,  with 
these  high  pressure  ratios  the  '"xpanding  jet  apparently  seals 
against  the  shroud  causing  the  pressure  on  the  annular  area  at 

the  t iroat  to  Increase.  The  magnitude  of  .these  pressures  is  re- 

( 

ported  to  be  equ;t valent  to  a of  about  0.97.  In  these  tests 

a well-formed  inlet  convergence  was  used.  If  similar  results 
can  be  obtained  with  a simple  constriction,  say  an  orifice,  it 
would  be  possible  to  make  a very  simple  variable  exit  nozzle 
for  use  where  thrust  losses  of  this  magnitude  can  be  tolerated. 


The  Effects  ^^f  Separation 

Heretofore,  unseparated  flow  in  the  divergence  was  dis- 
cussed; the  details  of  separation  will  now  be  considered. 
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For  unidimensional  flow  the  exit-stream  pressure  exactly 
equals  the  pressure  of  the  discharge  region  when  the  nozzle  is 
operated  at  the  nozzle-design  pressure  ratio  high- 

er nozzle— pressure  ratios  the  flow  within  the  nozzle  divergence 
is  identical  to  that  at  the  design-pressure  ratio  except  for  the 
pressure  and,  therefore,  density.  There  iS  an  expansion  external 
to  the  nozzle  to  the  ambient  discharge  pressure.  For  lower  pres- 
sure ratios  than  the  design-pressure  ratio  there  is  a change  in 
the  flow  pattern  required  which,  in  the  unidimensional  case,  is 
a normal  shock  within  the  nozzle  followed  by  subsonic  diffusion 
to  the  ambient  pressure. 

The  mechanism  for  real  flows  is  essentially  the  same  ex- 
cept for  several  important  differences.  At  the  design-pressure 
ratio  the  exit-stream  pressure  is  very  nearly  equal  to  the  dis- 
charge-ambient pressure  for  long  well-formed  divergences  while 
for  short  divergences  there  will  be  considerable  variations  of 
pressure  and  Mach  number  across  the  exit  plane.  These  varia- 
tions will  not  change,  however,  as  nozzle-pressure  ratio  is 
varied  above  the  design-pressure  ratio.  For  nozzle-pressure 
ratios  below  the  design-pressure  ratio,  the  pressure  is  lower 
than  the  ambient-discharge  pressure  at  least  in  part  of  the 
divergence.  The  return  to  ambient-discharge  pressure  takes 
place  through  oblique  shocks.  For  nozzle-pressure  ratios, 

/p  ^ only  slightly  lower  than  the  design-pressure  ratio  these 
oblique  shocks  occur  outside  the  nozzle.  As  the  nozzle-pressure 
ratio  is  reduced  the  oblique-khock  system  moves  progressively 
toward  the  nozzle  throat.  Thus,  for  nozzle-pressure  ratios  in 
excess  of  that  for  which  the  oblique-shock  system  just  enters 
the  nozzle,  the  flow  conditions  of  Mach  number  within  the  diver- 
gence are  constant.  Consequently,  the  value  of  for  a par- 

e 

ticular  nozzle  should  be  constant  above  a certain  nozzle-pressure 
ratio.  Since  ramjets  tend  to  operate  at  nozzle-pressure  ratios 
which  are  relatively  constant,  the  large  practical  convenience  of 

Cj  becomes  clear, 
e 
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The  distinct  difference  between  separated  and  unseparated 
flow  is  shown  in  Figs.  13.3-1  and  13,3-2.  The  thrust  advantage 
that  results  from  a divergence  arises  from  the  increased  pres- 
sure on  the  divergent  area  relative  to  the  ambient  (or  boattail) 
pressure.  The  pressure  at  any  particular  point  relative  to,  for 
example,  the  inlet  total  pressure  is  constant  for  unseparated 
flow. 

The  measured  wall-static  pressure  profiles  in  the  diver- 
gent section  of  a small  exit  nozzle  having  a forty-degree  total 
conical  divergence  connected  to  the  throat  with  a radius  equal 
to  D^/2  is  shown  in  Fig.  13.3-10.  The  unidimensional  design- 
pressure  ratio  of  this  nozzle  was  about  5.0  based  on  the  exit- 
area  ratio.  It  is  quite  evident  that  the  flow  conditions  change 
markedly  as  the  nozzle-pressure  ratios  are  reduced  below  about 
4.0.  Note  that  the  pressure  curves  approach  the  exit  ambient 
pressure  asymptotically. 

The  exit  stream- thrust  coefficient  can  be  expressed  in 
terms  of  the  static  pressure  on  the  divergent  section.  Burning 
in  the  divergence  is  neglected  and  C„  is  based  on  the  actual 

airflow.  Wall  friction  is  neglected. 
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(13. 3-12) 


C_  may  be  obtained  by  substituting  ^11  in  Eq.  (13.3-5)  using 

f rom  the  exit  to  throat-area  ratio. 

®i 
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Fig,  13.3-10  VARIATION  OF  WALL  PRESSURE  RATIOS  IN  A 
PARTICULAR  CCWICAL  DIVERGENCE 


i 


/ 
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Equation  (13.3-12)  Indicates  that  the  value  of  will 

e 

depend  on  the  area  under  the  vs  A/A*  curve.  If  the  measured 

static  pressures  had  equalled  the  values  for  unidimenslonal  flow 
(Fig.  13.3-10)  the  value  of  would  have  been  exactly  1.00. 

Since,  for  unseparated  flow,  the  wall  pressures  are  almost  always 

below  the  unidimensional  values,  is  less  than  unity  under 

e 

these  conditions.  The  deviation  of  C.  from  unity  is  measured  by 

^e 

the  area  difference  between  the  actual  and  the  unidimensional 
pressure  curves.  From  the  shape  of  the  curves  for  separated  flow 
it  is  clear  that,  for  low  nozzle  pressure  ratios  (P.  /P  ) , the 

value  of  Cj  will  exceed  unity  since  the  area  under  the  actual 

pressure  curve  exceeds  the  area  under  the  uniditnensional  pressure 
curve.  Typically,  a curve  of  versus  nozzle  pressure  ratio, 

P.  /P  , (where  P is  the  pressure  of  the  discharge  region)'  is 
tb  e e 

relatively  constant  for  unseparated  flow  and  gradually  rises 

even  to  values  above  unity  as  nozzle-pressure  ratio  (P,  /P  ) is 

tp  e 

reduced.  Figure  13.3-11  shows  experimentally  determined  values 

of  Cj  calculated  from  data  obtained  in  Refs, [6,10,  and  23]. 

© 

When  the  pressure  on  the  nozzle-wall  drops  below  the  base 
pressure  which  would  exist  with  separated  flow,  it  will  be  ad- 
vantageous to  have  separation  in  the  divergence.  The  exit-stream 
thrust  as  well  as  the  net  thrust  will  be  increased  by  separation. 
Consider  Fig.  13.3-12  which  is  a replot  of  the  data  from 

Fig.  13.3-10  for  an  exit  pressure  in  the  discharge  region  of 
o 

10  Ib/in  absolute.  The  upper  curve  (P.  = 100)  Indicates  under- 

^b 

expansion  so  that  additional  thmst  could  be  obtained  by  expand- 

2 

ing  to  a higher  exit  area  (A/A*).  For  the  P.  = 50  Ib/in  abso- 

2 ^ 

lute  curve,  (assuming  10  Ib/in  absolute  to  be  the  base  pressure 
with  separation)  slightly  more  thrust  would  have  been  obtained  if 
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separation  occurred  at  an  A/A*  of  about  1.1  since  the  wall  pres- 
sure falls  below  the  ambient  pressure.  This  might  be  considered 
as  equivalent  to  a divergence  which  expands  to  A/ A*  - 1.1  with  a 

2 

blunt  exit  face  upon  which  the  pressure  Is  approximately  10  Ib/ln 

2 

absolute.  For  total  pressures  of  30  and  20  Ib/ln  absolute  It 
would  be  better  to  have  separation  very  near  the  throat,  thus  a 
sonic  nozzle.  It  Is  assumed  for  this  discussion  that  the  base 
pressure  for  a blunt  face  at  the  exit  would  be  very  nearly  equal 
to  the  base  pressure  resulting  from  separated  flow  In  the  nozzle 
divergence. 

The  nozzle  pressure  ratio  at  which  the  oblique-shock  sys- 
tem first  enters  the  nozzle  divides  one  range  of  nozzle  pressure 

ratio  where  C.  is  constant  from  another  range  of  pressure  ratio 
^e 

wherein  Is  dependent  upon  the  pressure  ratio,  exit  area  ratio 
e 

and  divergence  angle. 

It  does  not  seem  possible  at  present  to  define  the  pres- 
sure ratio  at  which  separation  first  occurs  at  the  nozzle  exit. 
From  tests  reported  in  Refs. [18]  and  [21]  it  was  found  that  the 
nozzle  pressure  ratio  could  be  reduced  to  about  one-half  the  de- 
sign-pressure ratio  before  separation  Influenced  the  nozzle  per- 
formance. These  tests  covered  a range  of  conical  divergent  l,otal 
angles  from  five  to  sixty  degrees  with  an  exit  area  ratio  of 
about  2.1. 

The  pressure  ratio  at  which  separation  entered  the  nozzle 
varied  considerably  [9]  with  the  particular  divergence  used,  the 
variation  being  from  50  to  70  per  cent  of  the  design  pressure 
ratio  for  the  conical  or  reflex  divergences  tested  whose  total- 
divergence  angle  ranged  from  30  to  40  degrees.  For  two  long  di- 
vergences designed  by  the  method  of  characteristics,  separation 
entered  the  nozzle  at  a nozzle  pressure  ratio  just  slightly  above 
choking,  about  40  per  cent  of  the  design  pressure  ratio. 
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Foster  and  Cowles  found  (Ref.  [.25])  that  separation  occurs 

even  at  the  nozzle-design  pressure  ratio  for  total  divergence 

angles  of  60  to  80  degrees. 

One  of  the  most  complete  Investigations  of  separation 

(Ref. [23])  found  that  the  separation-pressure  ratio,  P /P.  , for 

s 

conical  divergences  was  a direct  function  of  nozzle  pressure  ra- 
tio and  varied  slightly  with  divergence  angle  as  long  as  the 
boundary  layer  was  turbulent.  (P^  is  the  wall  static  pressure 
at  the  point  of  separation.)  With  a laminai*- boundary  layer,  the 
separation  pressure  ratio  was  higher  than  for  the  turbulent  bound- 
ary layer  and  was  also  dependent  upon  the  pressure  in  the  dis- 
charge region. 

The  ratio  of  the  separation-pressure  ratio  (P  /P.  ) to  the 

s 

reciprocal  of  the  nozzle-pressure  ratio  (P  /P.  ) is  tabulated  be- 

e t|j 

low  for  the  various  total  conical  divergence  angles.  P Is  the 

0 

pressure  of  the  discharge  region.  In  the  following  table  this 
ratio  is  reduced  to  the  simpler  ratio,  P /P  . Also  tabulated  is 
the  ratio  of  the  mean  pressure  on  the  separated  region  to  the 
pressure  of  the  discharge  region  for  an  exit  area  ratio  A^/A^  - 
5.0.  The  tabulated  values  are  for  the  turbulent  boundary  layer. 

TABLE  13.3-1 


Total  Divergence 


P,^mqan/P^ 


•yh 

10° 

0.36 

0.80 

20° 

0.44 

10.86 

30° 

0.48 

0.95 

60° 

0.  50 

0.98 

I 

i 


The  criterion  (see  Ref. [23])  for  Judging  whether  the 
boundary  layer  was  laminar  or  turbulent  was  the  length  Reynolds 
number  based  upon  the  distance  from  the  throat  to  the  point  of 
separation  using  values  for  viscosity  at  the  inlet  total  tempera- 
ture. 
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« 

(13. 3-13 


where  is  the  mass  flow  per  unit  area  at  the  point  of  separa- 
tion. The  transition  from  dependence  on  discharge  pressure  to 

independence  of  discharge  pressure  occurred  at  length  Reynolds 

5 5 

numbers  of  2 x 10  to  4 x 10  . Roughening  of  the  inlet  or  an 
Increase  of  inlet  total  temperature  caused  by  burning,  produced 
artificial  turbulence  and  gave  the  lower  Reynolds  number.  The 
nozzles  tested  had  a throat  1.10  inches  in  diameter,  a total  in- 
let convergence  of  60  degrees,  and  a throat-generating  radius  of 
1.0  D^.  Nozzle  pressure  ratios  from  two  to  twenty  were  used. 

An  oblique  shock  may  accompany  separation  (Ref. [24]).  The 
ratio  of  the  nozzle  area  at  the  separation  point  to  the  throat 
area  was  found  (Ref. [26])  to  agree  with  theory  if  the  deflection 
of  the  jet  boundary  at  the  separated  point  were  approximately 
18°  ±3°  Exit  total-divergence  angles  from  twenty  to  sixty  de- 
grees were  used. 

Foster  and  Cowles  (Ref. [25])  indicated  that  an  increase  in 
the  throat-generating  radius  Improves  the  thrust  when  the  flow  is 
separated . 

Since  the  exact  point  of  separation  and  the  pressures 

downstream  of  the  separated  uuint  are  quite  difficult  to  predict 

by  present  theory,  it  seems  necessary  to  establish  the  value  of 

Cj  by  tests  if  accuracy  in  the  separated  region  is  desired, 
e 

Particular  attention  should  be  paid  to  simulation  of  full-scale 
Reynolds  numbers.  Ideally  these  tests  should  be  made  with  a 
supersonic  stream  external  to  the  nozzle  exit  with  consideration 
given  to  the  external  -boundary  layer. 
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Nozzle-Pressure  HatiQ  Effects 

For  most  ramjets  the  nozzle  pressure  ratio  will  not  vary 
widely  since  the  flight  Mach  number  does  not  usually  vary  ap- 
preciably. This  means  that  the  exit  nozzle  can  operate  somewhere 
near  its  design-pressure  ratio  and,  unless  separated,  the  exit 
stream-thrust  coefficient  will  be  constant  for  a given  exit-nozzle 
configuration  and  the  flow  in  the  nozzle  will  be  relatively  inde- 
pendent of  the  exit  pressure.  With  separation,  however,  the  pres- 
sure on  the  nozzle  surface  downstream  of  the  separated  point  is 
affected  by  the  discharge  pressure  so  that  proper  estimation  of 
this  value  is  important. 

No  general  investigation  applicable  to  ramjet  exit  noz- 
zles has  been  performed  to  determine  the  exit-pressure  effects 
resulting  from  a nozzle  discharging  into  a concentric  supersonic 
stream.  Present  theory  does  not  permit  a precise  determination 
of  the  exit  pressures,  but  the  base  pressure  can  be  used  as  an 
approximation  to  determine  the  separation  characteristics  of  a 
given  nozzle  and  its  exit  stream  thrust  coefficient. 

Since  separation  depends  on  the  boundary  layer  on  the  noz- 
zle wall,  the  pressure  at  the  rim  of  the  exit  would  appear  to  be 
the  important  pressure  for  determining  separation. 

Estimates  of  the  base  pressure  can  be  obtained  from 
Ref. [27]  as  a function  of  Mach  number. 

It  has  been  shown  (Ref. [28])  that  the  base  pressure  coef- 
ficient depends  on  the  type  of  boundary  layer  flow,  the  Mach  num- 
ber ahead  of  the  base,  and  dimensionless  boundary  layer  thick- 
ness, S/H  where  D is  the  body  c^tameter. 

I , 

The  effect  of  the  discharge-region  pressure  on  separated 
flow  is  one  of  the  nozzle  parameters  which  needs  further  experi- 
mental study  using  an  external  supersonic  stream. 
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Qf.  Burning  In  the 


Burning  in  the  divergent  section  has  two  principal  effects: 
(a)  The  total  temperature  or  is  raised,  and  (b)  the  Mach  num- 
bers are  altered  In  the  divergent  region.  Because  of  the  very 
small  residence  time  of  most  divergence  sections,  the  amount  of 
burning  should  be  small.  There  are,  however,  conditions  In  a 
homogeneous  reaction  which  could  result  In  appreciable  burning 
even  in  a relatively  short  time. 

As  Eq.  (13.3-5)  shows,  the  rise  in  S would  multiply  di- 
rectly  into  the  equation  for  - There  is  also  a loss  of  total 

pressure  and  a Mach  number  change  resulting  from  burning  which 
depends  on  the  Mach  number  at  which  the  burning  takes  place. 

Since  the  rate  of  burning  and  the  Mach  numbers  throughout  the 
divergence  are.  In  general,  not  known  and  are  almost  Impossible 
to  define,  no  general  solution  for  burning  in  a divergence  is 
practical.  As  a first  approximation,  one  could  make  an  assump- 
tion as  to  the  rate  of  burning  and  by  means  of  equations  similar 
to  Eqs.  (13.2-23)  and  (13.2-24),  the  total  pressure  loss  from  .... 
burning  and  Mach  numbers  at  successive  stations  In  the  divergence 

CO’. Id  be  found.  From  this  calculation  the  change  1"  could 

0 

be  obtained. 

The  total  pressure  loss  as  a result  of  burning  in  a super- 
sonic divergence  has  bev?n  calculated  [30]  for  a particular  rate 
of  heat  addition,  i.e.,  the  percentage  rise  in  total  temperature 
Is  proportional  to  the  percentage  increase  in  area.  The  exit 

C 

Mach  number  can  be  calculated  from  (Pm/P^)^  from  the  following 
equation  assuming  unidimensional  flow  and  y - 9/7: 


0.5162  /T^* 

(Pm/P^)^  - (P^  /Pt*)(Ag/A*) 


(13.3-14) 
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With  the  exit  Mach  number  known,  the  ratio  of  the  exit  • 
stream  thrust  with  burning  in  the  exit  divergence  to  the  stream 
thrust  with  no  burning  can  be  calculated  for  the  same  airflow 
and  nozzle  geometry. 


^ e 

W S ♦'^M 
a a 


e 


(13.  3-15) 


This  ratio  is  plotted  in  Figs.  13.3-13  and  13.3-14.  The  increase 
in  stream  thrust  is  less  than  the  square  root  of  the  temperature 
ratio  because  of  the  exit  Mach  number  reduction.  If  the  burning 
had  taken  place  in  the  combustion  chambf  the  exit  stream  thrust 
would  have  increased  by  the  square  root  of  the  temperature  ratio 
for  the  same  airflow.  Consequently  It  is  better  to  burn  in  the 
combustor  rather  than  in  the  nozzle.  Figure  13.3-15  shows  the 
ratio  of  the  exit  stream  thrust  with  burning  in  the  exit  diver- 
gence to  the  exit  stream  thrust  with  burning  ahead  of  the  nozzle 
for  the  same' airflow,  total  temperature  ratio,  and  nozzle  geometry. 


Scale  Effects 

Practically  all  of  the  data  for  exit  nozzle  performance 
have  been  obtained  with  small-scale  models.  Recent  comparisons 
of  the  and  the  wall  pressure  profile  for  the  Talos  Lot  I 

exit  nozzle  have  shown  that  there  is  relatively  good  agreement 
within  the  ability  to  measure  the  full-scale  burning  performance. 
Comparison  of  cold  flow  tests  of  a small-scale  model  (approximate- 
ly 2-inch  throat  diameter)  and  burning  tests  of  the  full-scale 
Lot  I Talos  exit  nozzle  (22-inch  throat  diameter)  shows  that  the 
wall  pressure  ratios  in  the  divergence  and  the  nozzle  pressure 
ratio  for  the  beginning  of  separation  effects  were  in  fairly  good 
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Fig.  13.3-13  EXIT  STREAM  THRUST  INCREASE  AS  A RESULT  OF 
BURNING  IN  THE  DIVERGENCE 

The  same  airflow  and  nozzle  geometry  total-pressure  loss 

as  used  In  Ref. [29]. 
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Fig.  13.3-14  EXIT  STREAM  THRUST  INCREASE  AS  A RESULT  OF 
BURNING  IN  THE  DIVERGENCE 

The  airflow  and  nozzle  geometry  are  the  same  as  Ref. [29]. 
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Tte/Tt*or  Tt*/Tt^ 


Fig.  13.3-15  RATIO  OF  EXIT  STREAM  THRUST  WITH  BURNING  IN 
NOZZLE  TO  EXIT  STREAM  THRUST  WITH  BURNING  AHEAD  OF  NOZZLE 

For  the  same  airflow  and  nozzle  geometry  loss  In 

divergence  from  Ref. [29]. 
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agreement.  The  throat  ReynclJs  nMnber  of  the  full-scale  nozzle 
was  duplicated  in  the  model  tests  c/hich,  from  the  preceding  dis- 
cussions, has  been  shown  to  be  important. 

In  view  of  the  difficulty  of  measuring  the  burning  perform- 
ance of  full-scale  nozzles  and  of  supplying  the  required  airflow, 
a comparison  of  several  sizes  at  various  Reynolds  numbers  would 
be  desirable  to  definitely  establish  scale  effects. 


Variable  Exit  Nozzles 

There  has  been  very  little  development  of  variable  exit 
nozzles  for  ramjets  because  of  the  additional  mechanical  complexi- 
ty and  the  relatively  small  performance  gains  available  with  pres- 
ent missile  requirements.  Consequently  there  is  not  much  informa- 
tion of  practical  value  on  the  use  of  variable  exit  nozzles.  Al- 
though the  preceding  discussions  apply  directly  to  fixed  exit 
nozzles  the  general  ideas,  at  least,  apply  to  a particular  posi- 
tion of  a variable  exit  nozzle.' 

The  only^  practical  means  of  controlling  missile  speed  with 
a fixed  exit  nozzle  (aside  from  increasing  the  drag)  is  by  con- 
trol of  the  exit  temperature  by  varying  the  fuel  flow.  If  com- 
bustion or  diffuser  efficiency  decreases  as  the  fuel  flow  is 
changed,  the  missile  performance  will  suffer.  Use  of  a variable 
exit  nozzle  will  permit  the  designer  a freedom  of  choice  as  to 
the  best  operating  conditions  for  a particular  point  on  the  tra- 
jectory. One  might  estimate  the  performance  at  various  points 
on  the  trajectory  by  using  several  different  fixed  exit  nozzles 
that  would  closely  approximate  the  variable  exit  nozzle  to  be 
used.  Although  the  data  of  this  chapter  will  be  of  some  help, 
it  is  probable  that  tests  of  the  particular  variable  design  will 
be  necessary,  particularly  if  accuracy  is  required.  Tests  of 
two  variable  nozzles  are  reported  in  Ref. [9]  which  employed  axi- 
ally movable  center  plugs.  The  performance  of  these  nozzles  was 
approximately  equal  to  a fixed  nozzle  of  the  same  length  and 
equivalent  area  ratio.  _ gg  _ 
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13.4  OVER-ALL  DESIGN  CONSIDERATIONS 
ImPQrtant  Parameters 

The  basic  nozzle  geometry  has  been  shown  to  greatly  affect 
the  over-all  missile  optimization  so  that  such  parameters  as  the 
constriction  ratio,  A^/A^,  the  expansion  ratio,  A^/A^ , and  the 
length  to  throat  diameter  ratio,  L/D^ , are  quite  dependent  upon 
the  mi'3sile  application. 

The  burner  area,  A^,  is  usually  made  as  large  a percentage 
of  the  maximum  area  as  structural  limitations  will  allow.  The 
constriction  ratio  is  determined  mainly  frcm  the  requirements 
(Eq.  13,1-1).  The  remaining  parameters  requiring  definition  are 
A /A  , L/D  , the  division  of  length  between  the  subsonic  and 
supersonic  section  and  the  wall  contours. 

The  most  important  criterion  for  definition  of  these  param- 
eters is  that  the  integrated  pressure  over  the  projected  area  at 
the  exit  between  the  throat  area  and  the  maximum  missile  area  be 
a maximum. 

For  those  trajectories  in  which  the  fliissile  cruises  for  a 

relatively  long  time  at  an  "on  design"  condition,  the  application 

of  the  above  criterion  will  be  relatively  straightforward  because 

only  one  nozzle  pressure  ratio  or,  at  most,  a very  narrow  band 

* » 

of  nozzle  pressure  ratios  will  need  to^  be  investi£(ated.  Missiles 
whose  trajectories  call  for  fairly  large  Mach  number  variations 
will  require  optimization  at  several  nozzle-pressure  ratios  and 
selection  of  the  best  compromise.  The  effort  spent  will,  of 
course,  depend  on  the  missile"ef f iciency  requirements. 

For  high-impulse  powerplants,  in  which  thrust  is  relative- 
ly more  important  than  the  utmost  efficiency,  the  following  gen- 
eral comments  will  be  sufficient  to  obtain  a fairly  good  compro- 
mise design.  For  high  efficiency,  low-impulse  powerplants, 
further  recommended  refinements  are  listed  in  a following  section. 
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General  Guides  isi  Stsslsji 

1.  Use  the  maximum  available  area  for  (since 

e 

increases  with  A^/A^)  except  where  it  appears  that 
there  will  be  considerable  overexpansion.  In  the 
latter  case  consider  using  a long  boattall  which 
may  result  in  higher  pressures  on  the  boattailed 
area  than  would  exist  on  the  separated  nozzle  wall. 
It  will  rarely,  if  ever,  be  found  desirable  to  ex- 
pand to  an  area  greater  than  the  maximum  area  other- 
wise required. 

2.  The  length  of  the  inlet  convergence  should  be  as 
short  as  possible  to  reduce  friction  effects  but 
not  so  short  as  to  require  a radius  of  wall  curva- 
ture at  the  throat  less  than  about  0.5  D . Shorter 

c 

radii  can  be  used  and  the  resulting  higher  Mach  num- 
bers at  the  wall  counteracted  by  means  of  a reflex 
in  the  diverging  section.  An  inlet  profile  com- 
posed of  arcs  or  a conical  section  followed  by  an 
arc  at  the  throat  will  probably  be  most  practical. 

3.  The  length  of  the  diverging  section  will  be  deter- 
mined principally  by  the  acceptable  thrust  loss  re- 
sulting from  divergence  angle  and  the  available 
length.  The  best  divergent  section  considering 
ease  of  manufacturing,  thrust  loss  and  length  ap- 
pears to  be  a conical  section  with  about  20  to 

30  degrees  divergence  angle.  Where  length  is 
critical,  the  effect  of  using  a higher  divergence 
angle  can  be  estimated  from  the  figures  given  in 
this  chapter. 

4.  In  most  instances  it  will  be  found  advantageous  to 
favor  the  exit  divergence  with  regard  to  length 
using  60  to  70  per  cent  of  the  total  length  for 
the  divergence. 


- 98  - 

CONFIDENTIAL 

THIS  OOCUMCMT  COMTAmS  MPOMMTIOH  AFFCCTWM  TmC  HATtONAL  OCFfMSC  OT  TnC  UNTTCD  STATES  W)TH»<  THE 
KCANIM«  or  TNC  CS^tONAQC  LAWS.  TITil  |«.  U.9  C StCTiMS  TSS  ANO  7S4  TMC  TCAMSWlS$l0«<  OH 
THC  HCVCUTKM  OT  ITS  COWTCMTS  m AMY  MANMCH  TO  AN  UNAOTNOAIZCO  A(RS0N  ■$  AHOHlSlTEO  IT  LAW 


CONFIDENTIAL 


5.  Neglect  of  burning  in  the  divergence  and  the  re- 
sulting loss  will  result  in  conservative  thrust 
estimates. 

6.  To  a first  approximation,  the  discharge  coefficient 

can  be  accounted  for  by  considering  the  value  of 
used  in  the  equations  to  be  the  product  of  the  geo- 
metrical area  and  C^,  Since  the  values  of  and 

Cj  are  defined  in  terms  of  the  actual  airflow  no 
e 

further  correction  to  these  factors  is  required. 

7.  Total  pressure  losses  in  the  nozzle  inlet  will 
probably  not  exceed  one  or  two  per  cent  from  fric- 
tion and  about  five  per  cent  from  burning.  For 
relatively  long  tailpipes  the  burning  loss  should 
be  even  less. 

8.  Determine  the  cooling  requirements  from  Chapter  12. 


Recommended  Refinements 


I 


Where  exit-nozzle  efficiency  is  of  great  importance  the 
following  refinements  to  the  general  design  principles  are  rec- 
ommended : 

1.  Use  a slightly  better  inlet  section.  A profile 

t 

roughly  elliptical  with  a length  of  about  0.5 
! will  probably  be,  for  fairly  high  constriction 

ratios,  a gooji  compromise  between  friction  and 
distortion  of^  the  Mach  number  profile.  Use  a 
long  radius  of  wall  curvature  at  the  throat. 

2.  Using  the  Mach  number  profile  at  the  throat,  deter- 
mine the  wall  Mach  number  and  pressures  by  the 
method  of  characteristics  of  several  contours  which 
appear  to  be  near  optimum.  Estimate  the  gains  from 
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} 
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)• 


using  a total  divergence  angle  from  15  to  20  degrees 
as  well  as  the  slight  advantages  of  a reflex  at  the 
exit . 

3.  Consider  the  optimum  nozzle  length  from  the  stand- 
point of  weight  versus  fuel  specific  impulse. 

4.  Estimate  any  possible  gains  resulting  from  burning 
in  the  exit  nozzle  by  reason  of  the  residence  time 
of  the  gases. 

5.  Consider  the  total  pressure  loss  from  friction  and 
burning  in  the  nozzle  inlet.  Use  the  best  available 
integrated  values  of 

equivalent  in  the  equations  for  C^  and  1^. 

6.  Where  there  is  no  single  design  point  and  appreciable 
time  or  fuel  is  spent  at  an  off-design  condition  con- 
sider the  gains  from  a variable  exit  nozzle. 

7.  Using  the  above  detailed  information  for  the  par- 
ticular nozzle  proposal,  make  optimizations  over 
the  region  of  area  at  the  exit  between  the  throat 
area  and  the  maximum  missile  area. 

8.  Conduct  tests  to  verify,  at  least  comparatively,  the 
nozzle  designs  using  an  external  supersonic  stream. 
The  full-scale  Reynolds  numbers  should  be  duplicated 
as  nearly  as  possible. 

r 

\ 

• t 

I 
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NOMENCLATURE 


IZnii 


discharge  coefficient 
stream  thrust  coefficient 
thrust  coefficient 
diameter 

stream  thrust  - mV  + PA 
stream  th.'ust  per  unit  area 
apparent  laminar  friction  factor 
mass  velocity  - W/A 
fuel  specific  impulse 
axial  length 
Mach  number 


mass  flow  - W/g 


Ib/sec 


mass  flow  function  of  Mach  number 
ratio  of  thrust  loss  to  discharge  loss 
pressure 

2 2 

dynamic  pressure  «•  pV  /2g  = P yM  /2 
Reynolds  number  based  on  throat  diameter 
Reynolds  number  based  on  axial  length 
radius  of  curvature  of  wall 


air  specific  impulse 


temperature 


Rankine 


velocity 
weight  flow 


distance  along  the  axis 
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a 


y 

A 

&* 

d 

V 


TT 


P 


H 


angle  between  the  wall  and  the  axis 
at  the  throat  for  conical  convergence 

total  angle  between  walls  of  a conical 
divergence.  Total  angle  between  outside 
boundaries  of  conical  flow  in  a divergence 

ratio  of  specific  heats  of  a gas 

incremental  value 

boundary  layer  thickness 

displacement  thickness 

momentum  thickness 

combustion  efficiency 

viscosity 

Pi 

density 

axial  velocity  defect  for  a conical  flow 

ratio  of  stream  thrust  at  M to 
stream  thrust  at  II  - 1.0 


Subscripts 

am 

b 

bt 

c 

d 

e 

f 

i 

o 

t 

t 


ambient 

Station  b just  ahead  of  nozzle  contraction 
boattail 

Station  c at  nozzle  throat 
discharge  (as  in  C^) 

Station  e at  nozzle  divergence  exit 
stream  thrust  (as  in  C^) 

"ideal"  or  isentroplc  unidiraensional  value 
free  stream 

total  or  stagnation  condition 

thrust  (as  in  C^) 

- 102  - 


CONFIDENTIAL 

THIS  OOCOMCr.T  C0*>'TAtNS  INTOKMATIOM  AfrCCTlNO  THE  NAHOHAL  DCrENSC  OF  THE  UNOCO  STATES  WITHIN  THE 
WEANING  OF  THE  ESPlGNAOE  LAWS.  TITLE  It,  U.S.C.  SECTIONS  TtS  ANO  T»A  THE  TRANSMISSION  CN 
ThC  REVELATION  OF  ITS  CONTENDS  IN  ANY  MANNER  TO  AN  UNAUTHORIZED  RCRSON  IS  RROHItITEl'  SY  LAW 


slugs/sec 


CONFIDENTIAL 


REFERENCES 


1.  Maxwell,  N.  E.  and  Shutts,  W.  H. , Aerodynamic  Effects  of 
Boattailing  on  a Body  of  Revolution  (Confidential) , 

Applied  Physics  Laboratory,  The  Johns  Hopkins  University, 
CM-645,  1951. 

2.  Shapiro,  H.  H.  and  Smith,  R.  D. , Friction  Coefficients  in 
the  Inlet  Length  of  Smooth  Round  Tubes,  NACA  TN  1785,  1948. 

3.  Mangier,  W.  , Compressible  Boundary  Layers  on  Bodies  of 
Revolution,  Consolidated  Vultee  Aircraft  Corp . , 

German  Trans. , GT  204,  1946. 

4.  Weil,  H. , Effect  of  Pressure  Gradient  on  Stability  and 
Skin  Friction  in  Laminar  Boundary  Layer  in  Compressible 
Fluids,  J.  Aero.  Sci.  , 18,  311,  (1951). 

5.  Van  Driest,  E.  R. , Turbulent  Boundary  Layer  in  Compressible 
Fluids,  J.  Aero.  Sci.,  IS,  145,  (1951). 

6.  Oswatitsch,  K and  Rothstein,  W. , Flow  Pattern  in  a 
Converging-Diverging  Nozzle,  NACA  TM  1215,  1949. 

7.  Sauer,  R. , General  Characteristics  of  the  Flow  Through 
Nozzles  at  Near  Critical  Speeds,  Consolidated  Vultee 
Aircraft  Corp.,  German  Trans. , GT  407,  NACA  TM  1147,  1947, 

8.  Snow,  R.  M. , Variational  Methods  in  the  Theory  of  Gas  Flow 
through  Nozzles,  Applied  Physics  Laboratory,  The  Johns 
Hopkins  University,  CM-535,  1949. 

9.  Streiff,  M.  L. , Small  Scale  Nozzle  Tests,  Consolidated 
Vultee  Aircraft  Corp;  Applied  Physics  Laboratory, 

The  Johns  Hopkins  University,  CF-2025 , unpublished. 

10.  Palmer,  W.  and  Bennett,  W. , Small  Scale  Supersonic  Exit 
Nczzle  Test  Results,  Consolidated  Vultee  Aircraft  Corp. , 
TB-71,  1950. 

11.  Cunningham,  R.  G. , Orifice  Meters  with  Supercritical 
Compressible  Flow,  (Translation)  American  Soc.  Mech. 

Eng. , la,  625,  (1951) . 

12.  Rouse,  H.  and  Abul-Tetouh,  A.  H. , Characteristics  of 
Irrotational  Flow  Through  Axially  Symmetric  Orifices, 

J.  Appl.  Mech.,  12,  421,  (1950). 


- 103  - 


CONFIDENTIAL 

THIS  OOCUifCNl  CONTAINS  MFOMMTION  AfrfCTlNS  T.N£  C£VfN5C  Of  ThC  UNHID  STATtS  WfTHM  THC 

MCANINO  0^  THC  n^tONAQI  TITLC  IM.  USC  SCCTl9Nt  TfS  AND  7»«.  TX  TNANSMlSSlON  ON 

TNC  NEVCUr»N  or  ITS  00NTINT9  IN  ANY  MANNCN  TO  AN  UNAUTHONIZCS  ^CN$0N  l$  AN0MI91TCD  »Y  LAW 


I 


i 


i 

) 

I 


i 

\ 


I 


CONFIDENTIAL 


13.  Grey,  R.  E.  and  Wilsted,  H.  D. , Performance  of  Conical 
Jet  Nozzles  in  Terms  of  Flow  and  Velocity  Coefficients, 

NACA  TN  1757,  1948. 

14.  Kennedy,  E.  C. , Sonheim,  D.  W. , and  Barnes,  A.  M. , 

New  Mach  Numbers  for  Ramjet  Flow  Analysis  (y  - 7/5  and  9/7) , 
Consolidated  Vultee  Aircraft  Corp. , Memo  50;  Applied  Physics 
Laboratory,  The  Johns  Hopkins  University,  CF-1798,  1952. 

15.  Dailey,  C.  and  Wood,  F. , Computation  Curves  for  Compressible 
Fluid  Problems  (y  - 1.2  to  1.4),  John  Wiley,  New  York,  1949. 

16.  Edelman,  G.  M. , The  Design  Development  and  Testing  of  the 
Two-Dimensional  Sharp  Cornered  Supersonic  Nozzles, 
KRee2.chuBctts  Institute  of  Technology,  Meteor  Report  No.  22, 
1948. 

17.  Clippenger,  R.  F.,  Supersonic  Axially  Symmetric  Nozzles, 
Ballistics  Research  Laboratory,  Report  794,  1951. 

18.  Hengartner,  H.  and  Werwerka,  The  Most  Favorable 
Expansion  Angle  of  Laval  Nozzles,  Consolidated  Vultee 
Aircraft  Corp.  , German  Trans.,  GT  802,  1949. 

19.  Bennett,  W.  and  Palmer,  W. , Results  of  San  Diego  Tests  to 
Determine  the  Effect  of  Nonuniform  Temperature  Profiles 

on  Nozzle  Performance,  Consolidated  Vultee  Aircraft  Corp., 
TB-62,  1950. 

20.  Fraser,  R.  , Connor,  J.  , and  Coulter,  M. , The  Measurement 
of  the  Reaction  of  Convergent-Divergent  and  Inverted 
Nozzles  at  High  Pressure,  British  Imperial  College  of 
Science,  F72/204 , 1946. 

21.  Hengartner,  H. , The  Influence  of  the  Expansion  Ratio  on 
the  Characteristics  of  a Laval  Nozzle,  Consolidated  Vultee 
Aircraft  Corp.  , German  Tjrans.  , GT  667. 

22.  Denton,  J. , Application  of  the  Method  of  Characteristic^ 
for  Axially  Symmetri':  Siipersonlc  Plow  to  the  Design  Stuj^y 
of  Talos  Supersonic  Nozzles,  Consolidated  Vultee  Aircraft 
Corp. , TB-126. 

23.  Kuhns,  R. , Flow  Separation  in  Overexpanded  Supersonic 
Nozzles,  Consolidated  Vultee  Aircraft  Corp.,  RT-124,  1952. 

24.  McKenney , J. , An  Investigation  of  Flow  Separation  in  a 
Two-Dimensional  Transparent  Nozzle,  California  Institute 
of  Technology,  JPL  Progress  Report  20-129,  1951. 


- 104  - 

CONFIDENTIAL 


i 

’1 


I 


THS  OOaMCNT  CONTAINS  MFORMATION  AFFECTWO  THE  MATtONAL  OCFENSC  OT  THE  UNTIO  STATES  WITHN^  THE 
MCAMINC  OF  THE  ESFI0NA6C  LAWS.  T^TLE  l«.  U $ C.  SECTIONS  TfS  AND  Tl«  THE  TAANSUlSSlON  ON 
THE  REVELATION  OF  ITS  CONTENTS  IN  AHY  WANNER  TO  AN  ONAUTHORIZEO  PERSON  IS  PROHl«(TEO  tT  UMT 


CONFIDENTIAL 


25.  Foster,  C.  R.  and  Cowles,  F.  B.,  Experimentr*  1 Study  of 
the  Divergence-Angle  Effect  in  Rocket  Motor  Ex.  aust 
Nozzles,  California  Institute  of  Technology,  JPL  Progress 
Report  20-134,  1952. 

26.  Foster,  C.  R.  and  Cowles,  F.  B. , Experimental  Study  of 
the  Gas  Flow  Separation  in  Overexpanded  Exhaust  Nozzles 
for  Rocket  Motors,  California  Institute  of  Technology, 

JPL  Progress  Report  4-103,  1949. 

27.  Bonney , E. , Engineering  Supersonic  Aerodynamics, 

McGraw  Hill  Book  Co. , New  York,  1950, 

28.  Chapman,  D.  , Base  Pressure  at  Supersonic  V^'i.ocity 
(Confidential),  California  Institute  of  Te<‘hi.ology  , 
tlPL  Report  4-40,  1948. 

29.  Hearth,  D,  P.  and  Perchonok,  E. , Analysis  of  Heat  Addition 
in  a Convergent-Divergent  Nozzle,  NACA  TN  r;9:38 , 1953. 


/ 


) 


- 105  - 


CONFIDENTIAL 

fMiS  OOCmiUNl  CONTAINS  IMFCNIAATlOM  AKrfCT.'NO  iMt  NATIONAL  Of  Th€  i**.*!.  ViaT.  • *■  imi*-  Im 

MtANiNC  or  TMf  IS^KJNAM  CANS.  TiTl  I l».  WSC  SECTIONS  T»5  ANU  Tt*  1 ••  V,-' 

TmI  NtVlLAilON  Cf  ITS  C0NTCNT5  IN  ANT  MANNCN  TO  AH  UNAUTh0NI/|0  ►fAJ.**  > Artfi  i.g  T»|>  • -*p 


DNCLASSIFIED 


UNCLASSIFIED 


